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Abstract
While much of modern developmental biology has focussed upon molecularly defined
cell populations, relatively little is understood about how clonal groups within these
broad cell populations organise complex tissues. In this thesis, I explore the clonal
architecture of the jaws and teeth, and of the dermal bones of the calvaria, revealing
cryptic modules as novel developmental features in both. I combine Confetti multi-
colour genetic lineage labelling with novel analytical techniques in order to map
clonal populations in 3D and provide quantitative parameters for clonal expansions.
Tooth identity within the mandible is thought to be encoded by the an initial proxi-
modistal position within the branchial arch, which implies that cells do not undergo
migration. I observe distal Hand2-Cre labelled cells in the proximal territory, which
necessitates migration. These distal cells give rise to the mandible, alveolar bone
and a small proportion of odontoblasts, while unlabelled proximal cells were found
in the distal territory of the incisors in different proportions. The clonal composition
of teeth and jaw bones is dissected by novel analysis of mixed cell populations. I find
odontogenic and alveolar bone populations to share a common lineage, comprising
a cryptic developmental unit distinct from the mandible, a feature that I can also
verify in another transgenic for the upper jaw. I also find that the initial tooth com-
position radically changes in ontogenetic time. Starting from similar compositions
of distal and proximal cells I find that in incisors the distal population expands while
the proximal wanes, while in molars the opposite occurs. This is the first evidence
for a temporally changing cell population structure underlying the well defined het-
erodonty between incisors and molars and allows a reinterpretation of early tooth
specification events.
The dermal bones of the calvaria are thought to grow in thickness by static os-
teoblasts depositing matrix appositionally and growth is supposed to occur exclu-
sively at sutures. Whole calvaria single-cell clonal lineage analysis of cranial neural
crest cells with Wnt1-Cre and Confetti labelling reveals an extensively dynamic pro-
gram of invasive growth distributed throughout all parts of the dermal bone. Cryptic
clonal modules grow laterally, with invasion through and into the bone primarily
organised around the centres of these ‘patches’. The process of bone maturation
is revealed to consist of a series of invasions between the three layers of the bone,
with the innermost compacta layer driving initial thickness growth by invasion into
the middle spongy layer, and the outermost (dermis-adjacent) compacta layer driv-
ing later growth. Conversely there is no evidence to suggest that the sutures are
principal generative regions, as they do not share a common clonal lineage with
adjacent bone. I also investigate muscle attachment regions and find that the same
clones traverse tissue boundaries from bone into muscle connective tissues, thus a
clonal model predicated on joint ‘attachment point precursor cells’ can now explain
patterns of skeletomuscular connectivity previously found at the population level by
my supervisor. A novel generative model of bone growth from cryptic clonal patch
modules is proposed, allowing us for the first time to understand thickness growth
and the evolutionary transition from a micromeric to a macromeric dermal bone
condition, events first visible in crown gnathostomes (placoderms).
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Chapter 1
General Introduction and Structure of this
Thesis
1.1 Structure
This thesis explores the role of Neural Crest cells in two different regions of the
mammalian head. The polyclonal architecture is discussed: the manner by which
individual dividing groups of cells interact and cooperate to form structures.
Part 1 focuses on teeth and jaws. Following an introduction to the key concepts in
Chapter 2, Chapter 3 inspects the validity of the widely held model by which tooth
positions and types are specified. I demonstrate that cells which are traditionally
thought to be confined to the distal end of the mandible and the incisors in fact
contribute to the proximally located molars as well. I show that the basic tenet
of current models is incorrect: i.e. that proximodistal gradient-based patterning
on a stable cell population landscape is wrong. My approach discovers widespread
dynamic migration processes hitherto unknown such that early distal cells are to be
found proximally and vice versa
In Chapter 4 I demonstrate in more mature teeth the divergent polyclonal dynam-
ics of incisors and molars. I propose a model of differential polyclonal expansions
of distal versus proximal cells in incisors versus molars as a potential structural
basis of tooth heterodonty. I furthermore reveal curious cryptic boundaries within
the teeth and associated bones. In Chapter 5, I use a novel tool to resolve poly-
clonal boundaries in order to study the interrelationship between genetically labelled
odontoblasts and adjacent periodontal ligament and alveolar bone. I map polyclonal
commonalities which sheds light onto a hitherto unknown modular nature of teeth
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and periodontal structures separate from the adjacent jaw bones. Chapter 6 dis-
cusses and summarises the findings in a novel model of tooth development based
upon migration of cells, polyclonal expansion and developmental modularity rather
than long-range signalling.
Part II of this thesis explores the polyclonal architecture of the dermal bones of the
head, particularly the frontal and nasal bones. Previous work by Kate Jordan in the
Koentges lab (unpubl) that I was involved in had revealed a novel mechanism by
which dermal bones grow. She identified that within the three-layer architecture of
the dermal bone, the middle Layer 2 expands from the centre, necessitating invasion
from the outer layers. To test the validity and scope of this invasive mechanism I
attempted to establish the very first polyclonal maps of dermal bones at single cell
resolution.
Chapter 8 describes the method by which two lineage labelled samples were gener-
ated and imaged as three dimensional whole mounts, at single cell resolution. These
samples are then segmented into the layers of the skulls by novel tools, and pre-
pared into maps that preserve the key three dimensional data but in a more easily
manipulable two dimensional format. Broad structures are observed and discussed.
Horizontal spread of individual clones is explored in Chapter 9. Individual puta-
tively clonal ‘patch’ regions are identified that recapitulate both disease state and
important aspects of evolutionarily ancient micromeric conditions. These are shown
to be remarkably consistent regardless of layer and position within layer, suggesting
a decoupling of two previously aligned phenomena. Chapter 10 explores vertical
invasion of cells through an entirely novel method of analysis that explores mixed
populations in a different manner to that employed in previous Chapters. Local
maxima and minima of interlayer migration are identified and discussed.
Chapter 11 integrates horizontal polyclonal spread and vertical invasion, seeks to
explore the spatial relationship between layers in communication with one another
and how cells spread within a single layer. Invasion between layers is found to spa-
tially correspond to centres of horizontal spread in putatively clonal patches within
those layers. Chapter 12 integrates the different independent strands of inquiry
within the whole mount samples into one model of development, using biomineral
thickness growth as a common unifying axis. This demonstrates polyclonal patches
integrated across the layers of the skull represent developmental modules within
large dermal bones.
Chapters 13 and 14 focus on polyclonal organisation in two higher-order structures.
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Chapter 13 explores muscle attachment regions, and demonstrates that bone, ten-
don and muscle in muscle attachment regions all arise from the same small cellular
population, which is distinct from the bone to which the muscle is attaching. In
Chapter 14 the sutural model of growth is explored further, and shown to be unsup-
portable in light of the polyclonal patterning around sutures. An alternative model
of suture formation is discussed, wherein cells from the bone give rise to the sutures,
and there is only a small degree of migration between sutures and bones.
Chapter 15 discusses the findings of Part II as a novel model of dermal bone de-
velopment based upon cryptic polyclonal patch modules. This implies a poten-
tial novel approach to understanding conditions such as craniosynostosis, as well as
demonstrating the persistence of ancient micromeric structures in extant macromeric
bones.
The Appendix consists of the methods and materials, but also includes detailed
descriptions of the bespoke software developed to tackle the novel problems of this
work. Though these approaches were created in response to specific problems, where
possible the applications are designed in a generalised fashion, and can be applied
to similar studies in other tissues, and with other experimental setups.
This thesis employs widely available technology in novel ways with new analytical
approaches and tools, ultimately leading to a complete redefinition of how the teeth,
jaw and calvaria develop.
1.2 A Brief History of Lineage Labelling
‘Polyclonal Architecture’ describes the divisional relationships of groups of cells
within a structure, and how these individual lineages interact to form structures. If
one knows which cells are more closely related to one another in divisional history
and ontogenic time, inferences can be made about which anatomical structures are
developmentally (and thus evolutionarily) related to one another, how individual
structures are initiated and about cellular dynamics in unobserved timepoints. In
order to accomplish this, a technique must be employed that encodes lineage in-
formation in vivo. This technique, which employs random time-controlled lineage
labelling, is common to all parts of this thesis, and is discussed below in the context
of other historical approaches.
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1.2.1 Manual Labelling
Lineage analysis in large model organisms rely on a panoply of manually-directed
labelling techniques, including the use of dyes [Bronner-Fraser and Fraser, 1988;
Clarke, 1999], injector of reporter mRNA, photo-switchable markers [Nowotschin
and Hadjantonakis, 2009] and particularly the generation of traceable chimeras
[Rawles, 1947; Le Douarin and Teillet, 1974; Le Douarin and Jotereau, 1975; Lance-
Jones and Lagenaur, 1987; Selleck and Bronner-Fraser, 1995; Stern et al., 1998] to
answer the same question: what do the cells of this structure become at a later time
point?
These techniques are obviously limited by the accessibility of the tissue. Furthermore
they rely heavily on the a priori understanding of the tissue: if one is studying the
development of a limb, these techniques can be used to observe how the cells of
the limb bud adopt their fates, but not to detect the presence of cells from outside
the limb bud invading the structure during development. The experimentalist must
decide both what to label, and where to look for it later, creating a dependence on
prior assumptions. It is also often very difficult to identify specific cell types at early
stages
1.2.2 Genetic Labelling
Cre-lox recombinase [Sternberg and Hamilton, 1981; Sauer and Henderson, 1988],
coupled with the growing advances in transgenic manipulation of mice has allowed
for experimenters to access organisms on a different level: that of the specifying
genes. A single tissue-specific Cre line can form the basis of many experiments
when crossed with reporter cassettes revealing localisation of expression, or with
lines containing excisable genes, allowing for tissue-specific chimeric mutation.
The nature of reporters has also changed. Early genetic labelling approaches used
single colour reporters requiring fixation and chromogenic reactions, such as Beta-
Galactosidase [MacGregor et al., 1991]. While many key discoveries were made using
this system, which some groups use to this day, it is limited by the requirement for a
development protocol in order to observe a colour. A genetically encoded fluorescent
marker had to be found: not only would this allow for specific localisation within
cells without the need for further protocols, but also the labels could be observed in
live cells, and in three dimensions thanks to developments in confocal laser scanning
microscopy [Shotton, 1989].
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This label came in the form of Green Fluorescent Protein (GFP) [Shimomura et al.,
1962; Prasher et al., 1992; Chalfie et al., 1994], a protein of the jellyfish Aequorea
victoria. This small protein has largely defined the last 20 years of cell biology, as
it allows not only genetic labelling in live organisms but also can be attached as a
domain to many proteins, giving insight into their function and locations.Heim et al.
[1995] demonstrated that mutations within the sequence could modify and improve
the characteristics of GFP, which lead to the generation of a spectrum of GFP
derivatives. In addition novel fluorescent proteins have been derived from diverse
biological sources and themselves modified to produce useful biological labelling
tools, reviewed in Kremers et al. [2011].
The analytical downside of marker-based lineage labelling is that it commonly pro-
duces large and inscrutable labelled populations. Biology is not so kind that each
cell has a distinctive gene that can be exploited for research, and some cell types
are defined by combinatorial identities and thus are more difficult to label. This
limitation can be circumvented by labelling random groups of genetically definable
cells within a population, and analysing the resulting patterns. The Brainbow suite
of reporters, originally developed to dissect circuitry in the CNS, is one of the most
well-known of these strategies, relying on multiple Lox paired recombination sites
to give random colouring.
1.3 The Confetti Reporter Construct
This thesis relies heavily upon the Confetti reporter construct as described in Snip-
pert et al. [2010] and displayed within Figure 1.1A. This construct consists of the
Brainbow 2.1 construct [Livet et al., 2007] downstream of a strong CAGGS pro-
moter and preceded by an additional loxP-flanked PGK-Neor-pA cassette, which
acts as a non-fluorescent transcriptional roadblock. The composite construct is in-
serted in the Rosa26 (R26R) locus. In brief, this construct gives constitutive and
near-ubiquitous transcription of the PGK-Neor protein until Cre-mediated recom-
bination, through multiple excisions and inversions, selects one of four fluorescent
proteins. The reasons for selecting this construct and a more full description of its
behaviour are described in this section.
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1.3.1 The Brainbow suite
At the time of our selection of Confetti by my colleague Sophia Gibbs, the first
two generations of Brainbow reporters were available, with the third generation
being published shortly afterwards. The core suite of tools known as Brainbow were
designed with neuroscience experiments in mind. Standard Brainbow experiments
use ubiquitously expressed Cre, with the Thy1 promoter used to drive expression
in a small number of neurons. This elegant design has allowed for great insight
into neural circuits, but has limited the flexibility and transferability of the reporter
for developmental investigations as the Thy1 promoter is specific to neurons. Thus
Brainbow-derived experiments in other tissues such as bone must use reporters with
alternative promoters swapped in.
The core Brainbow suite has three distinct generations, outlined in table 1.1, all
of which use the same Thy1 regulatory region. Brainbow 1 and 1.1 both follow
the same design principle and utilise two and three pairs of non-complementary
Lox recombination target sites respectively. Any recombination will remove one site
from the other pairs, thus ensuring that only one excision may occur.
The second generation consists of a prototype, Brainbow 2.0, and a commercially
available derivative Brainbow 2.1. Brainbow 2.0 consists simply of a pair of opposing
LoxP sites flanking a GFP and a reversed YFP. Upon recombination this cassette
inverts to bring the YFP under regulatory control, silencing the GFP. Further inver-
sions may occur. 2.1 expands upon this idea by adding a second identical cassette
downstream, containing a CFP and an RFP. 2.1 can also undergo excisions, leaving
only one cassette.
The third generation of Brainbow returns to the design principle of the first gener-
ation, but with some valuable novelties. Further work was done to select the fluo-
rescent proteins for 3.0, with the selection of three proteins from originating from
different species which can be identified independently by antibodies. This means
that labelling can be recovered after bleaching or quenching of the fluorophores.
The proteins also have superior spectral separation compared to those in the first
generation. Brainbow 3.1 added a further improvement shared with Confetti, and
added an additional non-fluorescent protein that is constitutively expressed. This is
a non-fluorescent mutant of YFP called ∅NFPnls, which can also be identified by
antibody. This is likely a superior alternative to Confetti’s PGK-Neor, as ∅NFPnls
is likely to have similar dynamics within the cell as the true fluorescent proteins
when overexpressed. Brainbow 3.2 further improved upon this concept by adding
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CMV-Woodchuck elements to the ends of each coding region, which prevent RNA
degradation and thus increase protein yield per transcript.
1.3.2 Confetti and its alternatives
A small number of constructs have been created which dispense with the Brainbow
Thy1 promoter in favour of ubiquitous expression of the reporter, with selectivity
coming from the choice of Cre promoter. This generalises the approach to almost
any tissue. At the time this project was instigated there were two available: R26-
Rainbow [Rinkevich et al., 2011], and Confetti [Snippert et al., 2010]. R26-Rainbow
mimics Brainbow 1.1, giving constitutive expression of one colour (in this case GFP)
which is randomly replaced by one of three colours after a single excision. Confetti
contains the Brainbow 2.1 cassette downstream of an additional non-fluorescent
neomycin gene, resulting in four possible colours from a series of excisions.
Confetti was the obvious choice of the easily available lines. The lack of fluorescent
background does mean sacrificing an internal control, but eases an already burden-
some imaging regime. Furthermore the four colours allow for the best single-colour
resolution, while multi-colour combinatorial labelling in a single cell would again
require redesign of the reporter.
1.3.3 Applications of Random Genetic Lineage Analysis
A previously mentioned, Brainbow was originally designed for use in deciphering
neural circuitry: labelling individual cells and their processes in a manner that
would allow for observation of fine circuitry [Livet et al., 2007]. This neuroscientific
pedigree is borne out in the continued use of the brain-specific Thy1 promoter with a
ubiquitous Cre, rather than a more common developmental biology arrangement of a
ubiquitous reporter construct and a tissue-specific Cre line. Confetti was developed
from Brainbow 2 in order to generalise its utility to many developmental problems.
Another attempt to use a randomised multi-colour reporter in a more general de-
velopmental biology context was in Drosophila. Hampel et al. [2011] reported the
generation and use of ’Drosophila Brainbow’, which represented a Brainbow-1-based
fluorescent cassette under the control of the commonly used UAS promoter, allow-
ing for spatial targeting with any of the thousands of tissue-specific Gal4-expressing
lines available. At effectively the same time another group prepared and demon-
strated a Brainbow-2-based reporter in Drosophila, which they termed ’Flybow’
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[Hadjieconomou et al., 2011].
It is no great surprise that Drosophilists were eager to attempt this approach, as
not only does the fruit fly represent a very tractable model organism, but also other
types of randomly initiated genetic mosaic analysis has long been an element of the
field. The Mosaic Analysis with A Repressible Cell Marker (MARCM) technique
developed by [Lee and Luo, 2001] labels one daughter lineage in a random assortment
of active cell divisions at the time of induction. This was further extended to
detectably label both daughter lineages by [Griffin et al., 2009] and the ’Twin Spot
Generator’ which built upon an earlier reporter developed by Luo for use in mice
[Zong et al., 2005]. Using these single-lineage techniques experimentalists could
analyse many animals and build up a map of all of the distinct lineages which had
diverged from the point of induction, and their fates [Cachero et al., 2010]. In effect,
the applications of Brainbow-like approaches in Drosophila built upon this paradigm
of selecting out presumptively clonal lineages.
The majority of mammalian experiments using Brainbow or Confetti rely upon ex-
pression of an inducible CreER, which is intended to catalyse recombination only in
the presence of Tamoxifen [Hayashi and McMahon, 2002]. This allows for temporal
control of recombination, at the expense of making full degeneration unlikely if the
expression window is short, leading to significant unlabelled populations. The stud-
ies for which Confetti was first designed [Snippert et al., 2010; Schepers et al., 2012]
utilised CreER under the control of appropriate tissue specific drivers, and made
very fine observations about the nature of intestinal crypts and the stem cells which
populate them. However as there was no mixture of expanding clones, both studies
made reasonable interpretations of simple cohesive patterns, similar to Figure 1.2A,
thus creating a limitation upon how confident one could be in suggesting that a
patch of cells was indeed monoclonal.
Despite the obvious wealth of knowledge that this sort of labelling promises, most
applications of random lineage labelling rely entirely on reasonably valid but ul-
timately subjective interpretations of simple patterns, without considering quanti-
tative means of interpreting more complex mixed populations, in a polyclonal or
perhaps more descriptively a ’metaclonal’ fashion. A number of methods for in-
terpreting mixed polyclonal populations are presented in this thesis, and will be
discussed within the appropriate Chapters where they are employed. The remain-
der of this chapter will explore the behaviour of the Confetti construct, which must
be well understood in order to properly interpret its outputs.
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1.4 Description of Confetti Behaviour
Unlike the majority of the Brainbow variants which rely upon non-complementary
pairs of Lox recombination target sites, Confetti relies upon five complementary
LoxP sites, any of which can in theory interact with any other. Furthermore, some
interactions will occur between sites that have inverse orientation to one other,
leading to inversion rather than excision. This means that successive rounds of
recombination can re-arrange the locus. This behaviour is depicted in Figure 1.1B.
This random reassortment leads to 52 functionally distinct conformations, excluding
inversions of the non-coding region between the two colour cassettes. These can be
grouped into five sets with distinct recombination behaviour. While excision is
not an absolute certainty in any individual recombination reaction, it is irreversible
unlike inversion. After a number of recombinations one can be assured that the
majority of cells will have recombined such that they possess a ‘degenerate’ form
consisting one of the two colour cassettes, depicted outlined by a purple dashed
line within Figure 1.1B. At this point, further recombination will simply invert the
colour cassette.
A key characteristic that must be noted is that unlike other Brainbow variants, the
colour expressed can be lost or altered through subsequent recombination. In fact,
due to persistence of the fluorescent protein, dual-colour cells can be observed when
a fully degenerate form is continuing to recombine frequently. This phenomenon is
not important when one can be sure that Cre activity has ceased through regulatory
control or use of an inducible recombinase, but when Cre can be known to persist,
the possibility of further inversions of the locus must be considered within any
interpretation of the data.
If one assumes that all possible recombinations are equally likely, the proportions of
colours obtained will be skewed slightly in the favour of the red and cyan cassette.
This is because the asymmetry of the construct means that from the original state,
there are two possible excisions which could remove the green and yellow cassette,
and only one which may remove the red and cyan cassette. One would further
assume that within these pairings, an equal probability of green to yellow and red to
cyan would be achieved after an arbitrary number of recombinations. This is however
not observed. GFP is reliably less observed than all other colours, a feature observed
by [Snippert et al., 2010], who further report that yellow:red:cyan were observed in
equal proportions in their experiments. As shown later, using the estimates of cell
counts employed in this thesis the proportions are approximately 70% Yellow, 20%
10
Cyan, 10% Red and less than 1% Green (from Figure 8.1).
1.5 Deciphering Biological Relevance from Confetti
While Confetti produces undeniably beautiful samples, one must also be able to
interpret relevant information from these collections of colours. Key observations
within this thesis includes arguments around polyclonality against monoclonality,
static against dynamic cell populations, and developmental derivation against in-
dependence. It is important to note that all patterns can only be interpreted with
reference to the stage at which they were labelled. The definitions of ‘polyclonal’
and ‘monoclonal’ only apply to divisions that occur after labelling.
On a simple level, it is easy to recognise a presumptively monoclonal region, or a
simple polyclonal region (Figures 1.2A and B respectively). However attempts to
derive information solely from the presence of adjacent colours fall into a common
trap of assuming that regions of adjacent common cell label colour must arise from a
common progenitor, when really the probability of independent selection of the same
colour is relatively high. Regions with no apparent organisation (Figure 1.2C) can
occur as a result of several different processes. Newly labelled populations take on
such a randomised pattern, so this could represent a region that has not undergone
division since labelling. Alternatively this could represent a polyclonal population
much like in Figure 1.2B that has simply undergone mixing. Notably, it is relatively
unlikely that two small progenitor populations will independently adopt the same
abundances of the different labels, so relative mixtures of the different colours can
be informative.
Interpretation of patterns across large groups of cells can be very insightful. Figure
1.3 represents a hypothetical situation where each tooth derives from single cells. Bi-
lateral labelling as in 1.3A would suggest developmental derivation, with each tooth
on either side either deriving from the same population or each tooth giving rise to
the next. An alternative would be the arrangement shown in 1.3B, where there is
no overall pattern, demonstrating developmental independence of each tooth.
It should be noted that such observations must be considered with respect to both
anatomical features and the timing of labelling. Defining a ‘region’ for consideration
is traditionally a subjective exercise. A clear border between polyclonally discrete
regions running through a known anatomical feature such as a bone might represent
a conserved cryptic development boundary, revealing two parts of a structure as
11
PGK-Neor-pA
R26R-pCAGGS Promoter hrGFPII-pA!
(nuclear)
YFPA206K-pA!
(cytoplasmic)
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Figure 1.1: The Confetti construct and its recombination behaviour.
A: Diagram of the Confetti reporter, with protein-coding regions marked as boxes
and LoxP sites as magenta triangles. B: The original Confetti construct is marked
with an unbroken red outline. Colour output is denoted within the squares to the
right of each form. Arrows denote possible conformation changes and their
probabilities as a proportion of the possible recombinations that may occur.
Residual recombinations will give a different conformation within the same set.
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developmentally modular units. Conversely, development boundaries that seem to
ignore known anatomical boundaries, such as finding that a bone is polyclonally
similar to an attached muscle, could reveal unknown developmental relationships
and cryptic compartments similar to what Kontges and Lumsden [1996] discovered
with rhombomerically defined attachment regions of musculature in the avian head
skeleton.
Novel analytical techniques capable of deriving information from polyclonally mixed
populations are key to elevating Random Genetic Lineage Labelling from the a nar-
row set of applications to which it is currently applied, and into the realm of uni-
versally useful techniques. It has already been shown to be serviceable in several
species, and can enhance the output of existing expression control systems. It is
simply a matter of making sense of what is being reported when the cells do not be-
have in a cohesive manner. Techniques for accomplishing just this aim are presented
in this thesis.
1.6 Summary of Confetti Lineage Labelling
Random lineage labelling allows for the dissection of populations that cannot be dis-
criminated by exploitation of promoters alone. Confetti represents the best general
mammalian lineage reporter cassette available, allowing for four-colour reporting of
any Cre activity. However, most experiments use such labelling strategies to ei-
ther extricate individual cells, or label contiguous unmixed patches. In this thesis
many mixed populations are observed, which requires an entirely different analytical
approach. The software designed to tackle these problems are introduced in each
Chapter and discussed in-depth in the Appendix. The use of Confetti and possible
improvements is discussed in Chapter 15. Animals used in this thesis are detailed
in Table A.1, as well as in each section where appropriate.
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Part I
The basis of heterodonty,
thecodonty and tooth
specification
16
Chapter 2
Introduction
Teeth are an ancient part of craniofacial anatomy. Tooth position and morphology
is tightly controlled within species, and yet there is a vast variety of shapes, sizes
and strategies. This introduction will cover key differences in tooth biology, and
discuss the two principal theories of tooth formation.
The canonical mammalian condition is to have up to four types of teeth in the same
row and affixed by a ligament into a bony cup in the jaw. Many but not all clades
have two sets of teeth, one for infant stages of life and one adult set, but some such
as rodents have continuously growing incisors and a few unrelated clades contin-
uously replace lost teeth, such as kangaroos, elephants, manatees and crocodiles.
While there are secondary losses of specific teeth and in extreme cases total loss of
teeth such as in anteaters and pangolins, mammals largely have the same organisa-
tion underpinning their remarkably varied dentition. Despite their importance and
accessibility, surprisingly little is known about how teeth are specified with respects
to their position, type, and developmental timing. The current dominant model
and its less popular alternative are discussed here, in relation to these biological
questions.
The second big issue of great evolutionary significance is that of the origins of teeth
and dermal bones. Early comparative anatomy has sought to link the modular units
of teeth and dermal bones in the concept of odontodes. Each tooth in primitive
vertebrates is associated with a bone of attachment, a basic dermal bone. Many
times in evolution teeth/denticles and the underlying dermal bone were decoupled
from each other, leading either to loss of dermal bones and retention of teeth and
denticles such as in sharks, or loss of denticles with retention of dermal bone such as
found in the tetrapod skeleton. Within the jaws proper teeth have lost many times
independently in evolution [Louchart and Viriot, 2011], suggesting that there is some
17
kind of modularity and shared lineage between teeth and its associated alveolar
bone. The exact relationship between teeth, alveolar bones and the underlying
dermal bones has never been investigated at the polyclonal level.
Both these evolutionary and developmental questions have been previously unac-
cessible. Multi-colour lineage labelling tools like Confetti have unlocked the gate on
this avenue of enquiry, though novel software tools and methods of analysis were
required to allow us to open that gate and lay bare the polyclonal architecture of
the teeth and jaw.
2.1 Proximodistal Specification of the Tooth Row
The first observable event in the development of the tooth is an invagination of
the dental epithelium [Jernvall and Thesleff, 2012]. The control of position in these
invaginations is highly controlled, as the resulting teeth need to grow cooperatively
with their neighbours, and also often require good correspondence with teeth in the
other jaw.
Denticles and teeth are modular units, emerging from developmental ‘odontodes’,
the regions of unique, point like epithelio-mesenchymal interactions [Fraser et al.,
2010]. Despite their serial nature there is regional diversity, on denticles at the out-
side of the body or within the tooth row. It is widely held that the tooth row and the
process of specifying tooth position and identity is governed by long-range signalling
events within branchial arches. Inside these arches, cell populations are considered
to be ’stable’ components of a morphogenetic field that are being subjected to gra-
dient sources of signals, such as Bone Morphogenic Proteins, Fibroblast Growth
Factors and Sonic Hedgehog [Vainio et al., 1993; Tissier-Seta et al., 1995; Tucker
et al., 1998; McCollum and Sharpe, 2001; Tucker and Sharpe, 2004; Townsend et al.,
2009].
The key tenet of this model is the stability of the underlying mesenchymal cell
population: if the spatial organisation at an early patterning stage directly translates
into the spatial position and cell fate of the mesenchyme then the cells must not
migrate our of their fate-defined positions. This is similar to the developmental
patterning processes of the developing spinal cord [Yamada et al., 1991; Tanabe
and Jessell, 1996; Jessell, 2000] or the fly imaginal disk [Wolpert et al., 2015]. Thus
differential deployment of signalling molecules along particular axes is responsible for
the regional diversity of the emerging mesenchymal cell populations. In the mouse
18
this leads to a distinct incisor-forming distal territory, segregated from a proximal
molar-forming territory.
Another key problem with this model is revealed by Barron et al. [2011]. Hand2 is
one molecular marker of the distal, presumptively incisor-bearing region of the jaw,
and is co-expressed with the distal marker Msx1 [Thomas et al., 1998; Ruest et al.,
2003; Ryll, 2010]. Knock-out of this gene in the jaw ought to affect distal structures,
namely the end of the mandible and the incisor. However, quite the opposite is
observed: the proximal territory consisting of the mandible and the molar-forming
regions are entirely abrogated, while the distal territory (incisor and associated
bones) do indeed develop, albeit abnormally. The necessity for a distal gene in
development of the proximal territory suggests that the static tooth specification
proposed by the morphogenetic field model might not be accurate, or at least that a
long-range signalling process is required to explain a phenotype in proximal molars
when Hand2 is only expressed distally in nonmolar progenitor tissues.
The progress zone model outlined by Osborn [1978] and further discussed by Atchley
and Hall [1991], represents an almost entirely forgotten alternative to the morpho-
genetic field model. This was developed on the basis of observing alligator dentition
patterns and the emergence of tooth rows. It requires a migrating population which
specifies tooth position and type by deposition of clones as seed-like inducers of
new teeth. Osborn favoured a molecular signalling mechanism wherein one tooth
bud would suppress the formation of any other buds within a certain range of the
tooth, much like bud inhibition in plants. However, a clock-specified deposition of
tooth buds would also be conceptually possible, similar to the progress zone model
of somite specification [Maroto and Pourquie´, 2001]. This would imply some form
of shared lineage between adjacent teeth, the nature of which would depend on the
number of cells migrating and dental mesenchymes and/or epithelia. A distal to
proximal migration of cells would explain the observations of Barron et al. [2011],
as lack of this necessary migration could lead to the observed suppression of the
proximal territory. Lumsden [1979] also provides evidence for a model requiring
migration, as explants of presumptive first molar tissue were capable of forming
multiple molars.
We wished to test this central component of the widely accepted morphogenetic
model by investigating in how far the distal population of branchial arch mesenchyme
stays distal during development of the tooth row. In the morphogenetic field model,
no migration of cells is necessary or predicted, and furthermore no particular poly-
clonal patterns are predicted: the tooth may form from the same tissue as the bone
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dependent on which molecular signals are received. Observation of distal cells in
proximal structures such as the molars would completely undermine the fundamental
requirement of morphogenetic stability in the widely accepted model. Furthermore,
if such a migration does exist then Confetti labelling will allow us to observe any
potential relationship between migratory cells, and thus test Osborn’s progress zone
model. This shall be first investigated in the next Chapter, and discussed in Chapter
6.
2.2 Heterodonty in mammals
Heterodonty describes the condition wherein several different types of teeth develop,
such as incisors and molars, as opposed to homodonty, wherein all teeth have the
same morphology. Heterodonty has evolved several times independently in evolution
[Gregory, 1920; Jernvall and Thesleff, 2012].
Osteichthyans have an inner and an outer tooth row in upper and lower jaws [Jan-
vier, 1996]. At the base of sarcopterygians in animals like Onychodus [Long, 1991]
centrally located tooth-whorls are phenotypically different from other teeth in the
same row. Moreover in tetrapods the teeth of the inner tooth arcade are bigger
than those of the outer one, leading to significantly sized fangs at specific locations
[Clack, 2012]. However further on in the tetrapod crown group homodonty is preva-
lent as it is in extant amphibians. the initial amniote heterodonty was lost again
several times independently, within the archosaurs and also within the synapsids
and mammals. As a case in point, in many cetaceans teeth have become secondarily
homodont again, however tooth shapes or lengths can still vary along the tooth row
[Armfield et al., 2013]. Total tooth loss or ‘edentulism’ is also independently found
in many mammals, including pangolins and anteaters [Meredith et al., 2013].
Heterodonty within the same tooth row is found to be a widespread feature among
mammals. It is considered to be a historical left-over of heterodonty in the amniote
stem group, from the so-called cotylosaurians as the first tetrapods with heterodonty,
occlusion and alveolar bones [LeBlanc and Reisz, 2013]. In this group for the first
time incisiform and molariform tooth types can be distinguished within the same
tooth row. Curiously no gene mutation or misexpression of genes has so far led to
respecification of tooth types in non-mammalian amniotes. Mammalian heterodonty
is well reviewed by Stock et al. [1997].
There are two key questions regarding heterodonty that remain unresolved: how
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each tooth bud fate is specified and the process by which a tooth bud adopts its
distinct morphology. As outlined above it is broadly assumed that the epithelium is
responsible for tooth initiation, but Kollar and Baird [1969] classically demonstrated
that in vitro tooth germs comprising heterologous mixes of incisor and molar ep-
ithelium and mesenchyme will always adopt the tooth type of the mesenchyme,
demonstrating its primacy in heterodont specification.
The only experiments potentially pertinent to either question were those by Tucker
[Tucker et al., 1998] where implantation of noggin beads in the distal territory led
to a ‘molarization’ of distal teeth. As noggin is a direct inhibitor of distal BMP
signalling this was used so far as the one (and strongest) piece of evidence for gradient
based acquisition of regional identity. Interestingly, noggin also affects neural crest
migration [Sela-Donenfeld and Kalcheim, 1999] but because migrations were so far
not traceable, this potential alternative explanation of disrupted migration rather
than disrupted local signalling was disregarded.
The opposite transformation of molar into incisor was never accomplished. Cur-
rently it is believed that changes in signalling on the basis of a stable cell popu-
lation map are responsible for the morphological changes in tooth shape later on.
The progress zone model on the other hand could explain this by molariform teeth
arising from mixed proximal and migratory distal populations, while incisors arise
from the distal population that do not migrate. In any case, the exact place of tooth
induction and elaboration has never been mapped experimentally onto the proxi-
modistal branchial arch map as defined by distal or proximal expression patterns.
It should be noted that no reliable proximal marker has been identified, and that it
is perhaps better defined as the absence of distal markers.
The second question regarding morphogenesis of teeth is a more complex issue than
specification of tooth type. This involves the coordination of many hundreds of cells
as well as orchestration with adjacent teeth, bone and the opposite jaw. Recently
this process has been very excitingly explored through computational modelling of
tooth development [Salazar-Ciudad et al., 2010; Harjunmaa et al., 2014], which can
recapitulate even very complex tooth morphologies based on three genetic compo-
nents and seven physical characteristics of the tissue. However, no in vivo cellular
differential has been observed between the incisors and the molars that might explain
why different tooth morphologies arise, particularly with respect to non-identical
teeth of the same type.
The strong prediction of proximodistal stability in the morphogenetic field model
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allow me to easily test this hypothesis simply by observing whether polyclonal popu-
lations within the different tooth types behave differently. Mixed distal and proximal
populations have never before been observed within the teeth, but if they are present
then differential expansion of the two populations may provide a foundation for the
development of heterodonty in the absence of long-range signalling. This shall be
addressed in Chapter 4, and discussed in Chapter 6.
2.3 Modes of tooth attachment
‘Thecodont’ comes from the Latin ’socket-tooth’ and describes animals such as mam-
mals which possess teeth that are embedded in sockets within the dentary bone, and
which are attached by ligaments rather than ankylosed to the bone. This is distinct
from the acrodonty and pleurodonty of squamates where the teeth are ankylosed
to the surface of the jaw bones, either directly onto the apex of the jaw or to the
lingual side of the bone respectively.
The ontogenesis of the thecodont structure remains an unresolved question. The
assumption is that the alveolar bone forms from the existing dentary bone, and
the ligament represents the demarkation line between the developmental units of
the tooth and the jaw. Interestingly, thecodonty, the embedding of teeth within
specialised sockets buried in the jaw bones is a novel feature of the first tetrapods
that also display heterodont dentition [LeBlanc and Reisz, 2013]. In how far are the
processes leading to the formation of the alveolar casing of each tooth related to its
composition and shape? Is there a basic pattern found in all teeth with regards to
the lineages inside and surrounding a given tooth? The answer to this question can
shed light onto the old question where dermal bones come from in the first place.
In traditional literature [De Beer et al., 1971] it was thought that odontodes induce
dermal bones and therefore that the bone of attachment found at the base of each
placoid scale in chondrichthyans is actually the basic unit of dermal bone formation
and by a process of accretion those bones could fuse together to larger bones, a
so called transition from micromery to macromery of bones as articulated in the
past literature [Janvier, 1996]. Clearly there have been many cases in evolution-
ary history where dermal bone formation and bone of attachment/tooth/denticle
formation were decoupled. For example in sharks - derived from dermal bone car-
rying ancestors (similar to placoderms or acanthodians) the dermal bone armour is
almost completely lost (except for the so-called ‘Bone of Attachment’ underneath
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each placoid scale), while there are many cases in amniote tetrapods where teeth
are lost along with their respective alveolar caskets while dermal bones develop nev-
ertheless, birds being one of the most prominent examples. Interestingly, in clinical
edentulism, the alveolar bone caskets are also lost, which at least suggests develop-
mental dependency and at most suggests that the tooth and bony casket represent
a polyclonal module of development [Imirzalioglu et al., 2002; Bani et al., 2010].
If we could understand whether or not there are shared lineages between odonto-
blasts and adjacent alveolar bones on one hand and what the lineage relationships
are between that alveolar bone and the remainder of the surrounding dental bone,
then we can start to address this old question with the resolution required. Us-
ing Confetti lineage labelling we can both explore the ontogeny of the structures
of murine teeth and assess the implications of the morphogenic field model. Quite
simply, one can examine which structures are most similar to one another in colour
population. This however requires novel tools to assess mixtures of cellular popula-
tions in a previously unaddressed manner. This thesis will address this question in
Chapter 5.
2.4 Summary
There is a widely accepted model of tooth development that posits molecular sig-
nalling as the exclusive architects of the jaw. This predicts an isolation of distal
and proximal populations, and a lack of complex polyclonal architecture. Another
largely forgotten model suggests that teeth are specified by invasion, which predicts
that the supposedly stable mesenchymal cellular map would in fact be disrupted,
with cells of multiple territories being found in the teeth.
These assumptions can be relatively easily tested by labelling either population. In
this thesis, the distal population is labelled through use of the Confetti reporter
[Snippert et al., 2010], as explored in the previous section. This reveals not only
a distal to proximal invasion as the principal developmental architect of the tooth
row, but also previously unknown cryptic polyclonal boundaries that reveal the
polyclonal modularity of odontoblasts, periodontal ligaments and alveolar bones.
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Chapter 3
Early distal to proximal migrations are
necessary for proximal lower jaw
development
The development of an animal is an astoundingly complex operation. It is not the
case that each part of the body simply grows in situ from the right part of a blas-
tomere: there are invasions, convolutions, invaginations and migrations that must
be performed to bring the right cells to the correct positions. The convolutions of
development are in part due to ancestry: evolution can shape tissue into astound-
ingly derived features far removed from the ancestral forms, but the developmental
route to these forms will often follow an initial ancestral pattern before diverging.
A classic example of this would be the formation of tissue into pharyngeal arches.
In fish, these become the gills, while in humans they represent a sort of ‘staging
ground’ in which the populations that become the jaw, thyroid, bones of the inner
ear and other facial structures are patterned towards their roles. Some structures
form directly from these arches, while others require migration into a new position.
The recapitulation of the intermediate gill-like morphology is not conceivably the
only means by which this specification could take place, but this demonstrates that
evolution operates by elaboration, rather than by overhaul.
Conventional wisdom and widely accepted models would suggest that the pattern-
ing of the mandibular arch defines the foundations of cell identity in the jaw, upon
which elaborated patterns are applied [Stock et al., 1997; Tucker et al., 1998]. The
key difference encoded in the arch is proximal and distal tissue, which are destined
to become molar-bearing jaw and incisor-bearing jaw respectively. Later events
then specify tooth position, with the distal-proximal identity giving rise to tooth
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type. Molecular patterning supposedly gives spatial axes to a generally capable
mesenchyme, with combined signals specifying tooth positions, in a so-called mor-
phogenetic field. This is an elegant concept, but one which has never truly been
proven.
The implicit stability of morphogenetic compartments in the jaw is easily testable
through Confetti labelling of distal cells. If these cells are found in supposedly
proximal territories then the morphogenetic field model is wrong. The patterns and
distributions of different colours within the Confetti-labelled population then allows
for interpretation of how this invasion might have occurred, including numbers of
cells and modularity of development.
The proximodistal Dlx code, namely Dlx5 and 6, are essential components of speci-
fying this axis [Tucker and Sharpe, 2004]. Hand2 has been found to be upstream of
these [Ruest et al., 2003; Thomas et al., 1998]. Interestingly this distal expression
of Hand2, found in murine branchial arches, is incredibly old and is traceable into
the most basal vertebrates to date, namely lampreys. Cerny et al. [2010] showed
that distal Hand2 expression is found even in lampreys, thus this proximodistal
code preceded the emergence of teeth or denticles. This code can also be found well
preserved in sharks [Gillis et al., 2013].
Despite the remarkably conserved proximodistal branchial arch axis across all ver-
tebrates, the exact fates of distal and proximal components in terms of teeth have
only been mapped in a rather cursory fashion by using a R26-LacZ marker [Ruest
et al., 2003], but without insight into the polyclonal architecture. This prevents the
detection of proximodistal clonal expansions and does not allow us to detect poten-
tially shared lineages between the inside and outside of a tooth or the relationship
between alveolar bone and surrounding dermal bones in the distal area.
In this Chapter we shall observe distal cells that invade the proximal territory in
a time course. The involvement of these cells in early bell stage molars will be
demonstrated, undermining the key assumptions of cell population stability in the
morphogenetic field model. In subsequent chapters these populations shall be exam-
ined at different time points, and their role in forming teeth, dermal bone, alveolar
bone and the periodontal ligament investigated.
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3.1 Methodology
3.1.1 Hand2-Cre as a marker for Distal Cells
The Hand2-Cre line was used to label distal cells [Ruest et al., 2003]. Examples of
its labelling are given, and a more thorough analysis of its role in distal-proximal
patterning can be found in Ryll [2010]. Briefly, at early stages (E9-E12.5) it is
expressed in the distal regions of branchial arches 1, 2, 3 and 4 as well as in limb buts
(E9.5-E10) and the ventricles of the heart. I have made the reasonable assumption
that the mammalian face does not derive from neither the limb nor the heart. There
is later expression in calvarial dermal bones (E14-E16). At a similar stage, Abe et al.
[2002] revealed that expression in the lower tooth row was confined to the incisor,
and excluded from the molars. At 18.5 cells there is very little expression in the
teeth and mandible, as revealed by in-situ, and active expression is confined to the
tongue and submandibular gland, implying that cells labelled by Hand2-Cre in these
structures derive from cells which were labelled earlier [Ruest et al., 2003]. However
at P0.5 there is some sparse late expression in the Molar [Abe et al., 2002].
The expression pattern of Hand2 lead us to examine the stages of jaw develpment
at which expression was less prevalent, thus increasing the reliability of our chosen
Confetti reporter [Snippert et al., 2010] as a stable marker for lineage. The cross
Hand2-Cre x
Gt(ROSA)26Sortm1(CAG−Brainbow2.1)Cle/J is referred to as Hand2-Confetti through-
out this and subsequent chapters. Animal husbandry is described in Appendix A.1,
and sample preparation in Appendix A.2.
3.1.2 Samples and sections
Figures 3.5 and 3.6 are of the same sample: an E10.5 embryo which was bisected
along its dorsal edge and flattened out. Figures 3.7 and 3.8 are adjacent coronal
sections of an E14.5 embryo, depicted in Figure 3.1.
Using Confetti and novel quantitative approaches, deep developmental analysis can
be made from only one sample. One novel quantitative approach that we took was
to consider how presence of only a few colours in a large group of cells can be used to
infer the size of the original labelled population that gave rise to that group, known
as the Founder Effect.
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Figure 3.1: Origin of Figures 3.7 and 3.8 Both figures are adjacent coronal
sections of the same E14.5 Hand2-Confetti embryo.
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3.1.3 The Founder Effect and Confetti
The founder effect describes a phenomenon in population genetics, wherein an allele
that is rare within a population can become common in a new population derived
from it due to colonisation by a very small number of individuals. This process
is believed to be at the root of many aspects of human variation [Ramachandran
et al., 2005]. In a more abstract sense it refers to the fact that a small sample of
a larger population may not capture the variation of that sample. The inference
from this is that if one can compare the variation present in the whole sample to
the variation present in a small derived sample, one can estimate the size of the
population bottleneck that gave rise to the devised group.
The founder effect can also be used to interpret random lineage labelling. A sim-
ple mathematical model was used to calculate the probabilities of each labelling
outcome, detailed in Appendix A.3. Based upon the number of different colours
present in a certain area, an inference can be made about the number of cells that
initially contributed to that region. This is explored in Figure 3.2. Assuming equal
probability of each of the four colours, the probability of having a single-colour re-
gion arising from anything greater than 3 cells is effectively negligible. A two colour
region arising from anything greater than 10 cells is also highly unlikely, and above
20 cells one can effectively assume that all four colours would be present.
Snippert et al. [2010] observed that within their experimental system, the Red, Yel-
low and Cyan reporters were present in almost equal proportions, while the GFP
reporter was effectively absent. Part II of this thesis quantifies over 1.8 million
Confetti labelled cells, the proportions of which are shown in detail in Figure 8.1,
and also summarised in Figure 3.3. Yellow cells were very abundant at 70% of all
cells, with red and cyan cells cumulatively accounting for 29% of cells and GFP
only 1%. This suggests that the behaviour of Confetti under a short burst of in-
ducible Cre under the control of the Lgr5 promoter, as performed by Snippert et al.
[2010], behaves quite differently to a longer period of Cre activity as we performed.
However, regardless of whether there is a lower degree of variability arising from
reporter behaviour or due to multiple population bottlenecks, the Founder effect
remains highly predictive. Even if the chance of a single colour arising is 90%, or
your founder population is drawn from a group that is 90% homogenous, one can
predict that the derived group comes from fewer than 50 founder cells, as shown in
Figure 3.4.
The simple Monte Carlo simulation of populations based on the observed propor-
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tions from Part II reveals that the presence of anything less than all four colours
highly constrains the probable size of the founder population for that structure (Fig
3.2B). Single colour regions are unlikely to arise from anything greater than ap-
proximately 12 cells. Regions with only two colours are most likely to have arisen
from approximately 5-10 cells, and are very unlikely to have arisen from greater
than 30 original cells. 3 colour regions are very likely, though this apparent loss of
discrimination becomes diagnostic in another sense: the observation of any green
cells indicates initiation by a relatively large population.
In summary, the presence of fewer than four colours within a structure can be used
to estimate the size of the labelled population that originally contributed to that
structure through simple probabilistic interpretation.
3.2 Results
3.2.1 Hand2 cells are distal cells
Hand2-Confetti expression is found in the distal territory of the first and second
branchial arches at e10-5 (Figure 3.5). This labelling is found in all mesenchymal
cells in the distal branchial arches (Figure 3.6). We and others [Ruest et al., 2003;
Ryll, 2010] have previously checked if the Hand2 transgene is expressed again later
in early stages of tooth development, this is not the case. Based on this observation
and the time points we will be studying, it will be clear that all cells labelled in
Hand2-Confetti mice are the sole progeny of initially distal cells. From this point
on, cells labelled in the Hand2-Confetti cross will be referred to as distal cells.
It should also be noted that there are no apparently unlabelled cells in the distal
territory - where apparent voids are observed, this is actually membrane-labelled
cyan cells. A problem that was noted by Snippert et al. [2010] and Schepers et al.
[2012] was the probability of the Confetti construct adopting a partially degenerated
and non-fluorescent conformation. Irreversible excisions will eventually remove the
non-fluorescent Neomycin reporter, so the probability of this decreases over the time
that Cre is present. Thus we can say with some degree of cautious confidence that
unlabelled cells are of the proximal territory. This assumption does not preclude
the possibility that there may be an unrecognised intermediate population between
the Proximal and Distal. As always, one must be careful not to over-interpret the
absence of data as an informative variable, and these cells can only be considered
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Figure 3.3: Proportion of the four Confetti labelling colours in a
Wnt1-Cre/Confetti calvarium. As observed over an estimated 1.8 million cells
in Part II. Derived from Figure 8.1.
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presumptively proximal.
There are clearly some distal cells along the margin, but have no labelled neighbours.
Morphogenetic fields classically rely on sharp boundaries to prevent ambiguous de-
velopmental encoding. This is the first piece of evidence that perhaps distal and
proximal cells in fact to not conform to tightly isolated anatomical regions.
3.2.2 Distal cells are present in the proximal domain
The morphogenetic field model [Tucker and Sharpe, 2004] would predict an absence
of distal cells in the molar-bearing region. Figure 3.7 shows a coronal section from
this region, on the level of the first molar buds at embryonic day 14.5 There are
an abundance of distal cells, demonstrating that the distal populations migrate into
the proximal territory. Startlingly, each tooth is comprised of a mixture of distal
and presumptively proximal cells, in complete contrast to the presumed stability of
the morphogenetic field model.
At E14.5 the molar buds are surrounded by Hand2 cells, which also represent the
initial invaginating cells of the nascent cap to the exclusion of presumptively prox-
imal cells (Figures 3.7 and 3.8). The organisation of the colours encompassing the
buds would suggest migration rather than novel labelling, as there are no double-
labelled cells visible which would suggest recent activation of the label, and there
is a suggestive concentric lamination around the bud that suggests linear spreading
of putatively polyclonal populations rather than coincidental labelling in line with
the fly-paper model of early tooth formation [Mammoto et al., 2011; Rodeck and
Whittle, 2009, p.16]. The orientation of cells is suggestive of a medial-lateral axis
of migration, though directionality cannot be inferred at this stage.
3.2.3 The mandibles arise from a small population of cells
The jaws on either side of the face are differently coloured, with the presumptive
left jaw being entirely yellow and the right displaying red and cyan cells. This
lack of diversity is a critical: the only reasonable explanation for the homogeny
within the presumptive mandibles is that the entire structure grows from only a
few distal cells. The models presented in section 3.1.3 can be used to estimate that
the mandibles must have diverged from the rest of the surrounding heterogenous
mesenchyme very early in development, and thus derived from a small population
of cells that has been segregated from mixing with other populations over the course
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Figure 3.5: Hand2-Confetti Expression in the distal branchial arches at
E10.5. At embryonic day 10.5, confetti expression in the Hand2-Cre x Confetti
mouse is found in the mesenchyme of first and second branchial arches, exclusively
at the distal ends. Branchial arches shown in detail in Figure 3.6. BA1 - First
Branchial Arch (Mandibular), BA2 - Second Branchial Arch (Hyoid)
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Figure 3.6: Detail: Hand2-Confetti Expression in the distal branchial
arches at E10.5. At embryonic day 10-5, confetti expression in the Hand2-Cre x
Confetti mouse is found in the mesenchyme of first and second branchial arches,
exclusively at the distal ends. Apparent labelling outside of the distal ends is
autofluorescence or reflection within the whole mount. BA1 - First Branchial Arch
(Mandibular), BA2 - Second Branchial Arch (Hyoid).
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of many cell divisions. It is likely based on the probability of observing either one or
two constitutent colours, regardless of the mixture of the original population, that
fewer than 20 cells give rise to the whole mandible.
Conversely the odontogenic population demonstrates at least three colours. This
does not imply secondary activation, as this was ruled out by both Ruest et al.
[2003] and Ryll [2010], and there is an apparent laminar arrangement of labelling
around the tooth buds. However, this does imply a larger migrating population,
more than 50 cells (Figure 3.2).
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3.3 Summary - Distal cells invade the proximal
territory of the mandible
Hand2 labels distal cells in the mandibular arch (Figures 3.5 and 3.6). Based on
the presence of distal cells in the proximal molar-bearing territory of the mandible
(Figures 3.7 and 3.8), the chief tenet of the morphogenetic field model must be
discarded. The mesenchyme surrounding the molar buds is almost entirely of distal
origin, and clearly involved both in the active invagination of the dental epithelium
and in the initial invasion underneath the enamel knot (Figure 3.8).
Furthermore the distoproximal migrations can be divided into an osteogenic mandibu-
lar migration and a putatively odontogenic buccal migration. This is based upon
the unique insights of Confetti labelling: one can attach probabilities to a single
cell adopting a specific colour, therefore the probability of a population adopting a
specific outcome is calculable. Any population of cells in a developed animal arises
from a progenitor population, and based on the mix of colours within that struc-
ture, a ‘most probable’ population size can be estimated. The mandible itself can
be formed of only one colour, but can also have some diversity. This suggests a very
small population which diverges from the rest of the distal population very early in
dvelopment (Figures 3.2). The buccal odontogenic population has mixed identity,
so likely has an initiating population of greater than 50 cells.
My observation of a distoproximal migration or a polyclonal expansion of the distal
Hand2-Confetti labelled population into the proximal domain is very interesting as
it might reflect a generic branchial arch migratory mechanism. Cerny has previously
found migration from the distal mandibular arch into the proximal/maxillary terri-
tory in axolotl [Cerny et al., 2004]. In a similar vein work tracking Hand2-labelled
cells in branchial arches of zebrafish have provided similar evidence for proximal mi-
gration [Ikle´ et al., 2012]. In our case we see a similar scenario for both dermal bone
formation as well as migration of odontogenic precursors. Thus it is possible that
despite coordination of the two a common mechanism is used by both populations.
The presence of any distal population migrating into proximal territory strongly
suggests that Osborn’s progress zone model of tooth formation applied to a novel
distal-to-proximal migration is a better explanation for early tooth specifying events
than the morphogenetic field model. At the very least, the presence of these cells
utterly undermines the assumption of morphogenetic stability that underpins the
morphogenetic field theory.
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Chapter 4
Clonal architecture of teeth reveals the
nature of heterodonty
4.1 Introduction
In the last chapter it was demonstrated that distal cells invade the proximal territory
and appear to be the initiating population of teeth. In observing this, a different
major question arises: if both incisors and molars are specified from distal popu-
lations, by which mechanism do they subsequently diverge to form different tooth
types?
It was recognised already by Ruch [Schmitt et al., 1999] that at the early placodal
or bud stage there is no evidence for heterodonty to be found. The first differences
become obvious at the (late) bell stage. Given that we have lineage information from
Confetti we therefore examined in a time course the development of these polyclonal
structures. If there is no discernible difference between incisors and molars with re-
spect to this population then the molecular identities that were previously identified
in the morphogenetic field model may provide full explanation for heterodonty. If
however there is a cell origin distinction between the two classes of teeth, these
molecular addresses must be either irrelevant to heterodonty, or intermediates in a
process that requires population differences.
Once again Confetti labelling provides the answers to this questions. Using the
same approach as the last chapter, later tooth stages can be examined for any sign
of divergence in cell dynamics of the putative odontogenic distal mesenchyme in
different tooth types. We can compare the early bud stage presented in the last
chapter with the heterochronic early bell (second molar) and late bell stages (first
40
molar) in E16.5 animals to reveal the developmental course of odontoblasts.
4.2 Methods
As in the previous chapter, the animal husbandry is described in section A.1, and
sample preparation in Appendix A.2. The cryosections used in this chapter come
from two E16.5 animals and are detailed in Figure 4.1.
Figure 4.1: Sections used in this chapter. Both the animal that all coronal
sections come from (A) and the animal from which the sagittal section was used
(B) were E16.5 embryos.
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4.3 Results
4.3.1 Incisors are comprised of majority distal population and a
minority presumptively proximal population
At E16.5 the incisors are almost entirely labelled as distal cells (Figure 4.2), though
there is very surprisingly a small population of unlabelled presumptively proximal
cells (Figure 4.3). At the root of the tooth unlabelled cells are very numerous indeed
(Figure 4.3). This could suggest a reciprocal proximal-to-distal migration, though
one would have to be able to independently label proximal cells in order to prove
this. More curiously, a cryptic polyclonal boundary can be observed running at an
angle through the incisors (Figure 4.4). Remarkably, large portions territories are
defined with a symmetrical line of division running through the teeth, though not
parallel to major body axes. The dominance of distinct colours, such as yellow in
the top-right incisor territory of Figure 4.4 suggests that only a small portion of the
randomly labelled branchial arches eventually contribute to the incisor. The extent
of these large coloured territories suggests that the incisor itself forms from only a
few cells within the distal population that expand greatly.
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Figure 4.3: Presumptively proximal cells within the Incisor. Sagittal
section through the edge of the root of the lower incisor. There are many
unlabelled presumptively proximal cells present alongside a very randomly mixed
distally labelled population. This demonstrates that while distal cells migrate
proximally, there may also be proximal cells invading distal territory.
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Figure 4.4: Cryptic Polyclonal Boundaries within the distal populations
of incisors. Individual Confetti channels show segregation into broad buccal and
external domains in the incisors shown in Figure 4.2. These do not appear to be
entirely segregated, but this compartmentation defines the majority of the cells in
either half of the tooth. Green cells not shown, as there is only one in the sample.
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Figure 4.5: Distal cells form the majority of the second molar at E16.5.
Coronal section of the second molar at embryonic day 16.5. At this cap stage, the
majority of cells within the developing tooth are from the distal population,
though there are some unlabelled cells that have invaded also. This tooth is
adjacent in the jaw to the one shown in Figure 4.8. pol - periodontal ligament, ob -
odontoblasts
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Figure 4.6: Polyclonal expansions of distal cells within the lower first
molar. Continued overleaf in Figure 4.7
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Figure 4.7: Polyclonal expansions of distal cells within the lower first
molar. Continued from Figure 4.6, caption overleaf.
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Figures 4.6 and 4.7: Polyclonal expansions of distal cells within the lower
first molar. Coronal section of lower first molar at embryonic day 16.5. This molar
is relatively well mixed, bearing three colours and revealing compartments within
the tooth. Each cell colour has voids within parts of the tooth (white arrows).
This implies some degree of developmental independence between the two cusps
of this molar. m - mandible, ab - alveolar bone, pol - periodontal ligament, ob -
odontoblasts.
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4.3.2 Mature molars are comprised of majority presumptively
proximal population and a minority distal population
By E16.5, adjacent lower molars are at different stages of development, revealing two
more phases of distal cell involvement in molar development. In the E16.5 second
molar, distal cells are observed to represent the majority of cells within the tooth,
though with several proximal cells also invading (Figure 4.5). In the same sample,
the adjacent first molar has a majority of unlabelled cells (Figure 4.8). As these
teeth are adjacent in the same tooth row, their constituent cells reveal dynamics of
this developmental axis. Their respective numbers of cells are presented in Figure
4.9.
Cell counts reveal differential expansion of distal and presumptively proximal cells,
as well as shared lineage of distal cells in the molars
Two key aspects of the tooth row are revealed by this data. First, there is a far
greater abundance of unlabelled proximal cells within the first molar, compared to
the less developed second molar. If we were to assume that the first molar had
identical proportions to the second molar when it was at the same developmental
stage, then there has been a doubling of the distal population, but an eight-fold
increase in the unlabelled population. This indicates a differential expansion of the
two populations either by cell division or further immigration of unlabelled cells to
the tooth.
A second aspect is the similarity of the two populations. Both have a significant
yellow population, and a noticeable red population, with the second molar including
also a few cyan cells. It should be noted that as these are sections, they represent
only a small sample of the total cells of the tooth. None the less given the distorting
influence of the founder effect, this would imply that the two adjacent teeth have
formed from reasonably similar populations. This suggests that the distal popula-
tions contribute to adjacent teeth by budding from a single migratory population,
rather than several populations being specified independently and migrating into
position.
Because Figures 4.2, 4.5, 4.7 and 4.8 are from the same animal (Figure 4.1A) we can
assemble these to aid in interpretation of the lower dentition (Figure 4.10). There
is no apparent link between the distal contributions to the incisors and the molars,
suggesting that the two tooth types are specified by two different populations. As
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Figure 4.8: Cryptic Polyclonal Boundaries around the developing
molar. Stitched coronal section. At embryonic day 16.5, a cryptic polyclonal
boundary can be observed in the distal populations of the jaw. The yellow and red
populated tooth bears none of the cyan cells that are present the mandible (white
box), though do bear similarity to both the mesenchyme surrounding the tooth
(green arrow), and the alveolar bone positioned laterally to it (red arrow). This
tooth is adjacent in the jaw to the one shown in Figure 4.5 and opposite in the
mouth to the molar shown in 4.6 and 4.7. t - tongue, m - mandible, ab - alveolar
bone, pol - periodontal ligament.
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Figure 4.9: Adjacent first and second molars have similar Confetti
populations, but a large difference in the number of unlabelled cells.
Counts of Confetti labelled distal cells and unlabelled presumptively proximal cells
in an adjacent first molar (Figure 4.8) and second molar (Figure 4.5). The first
molar has twice as many labelled distal cells as the less-developed second molar,
but eight times as many unlabelled cells, suggesting differential expansion of the
two populations. Both distal populations have been subjected to the founder
effect, but are still relatively similar, consisting mostly of red and yellow cells,
suggesting that they arose from the same original migratory population.
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expected, there is no lineage similarity across the midline, suggesting that each side
of the jaw specifies its own teeth. However, we can suggest that adjacent molars
of the same row do potentially share a common lineage, a possibility that can be
explored further in the next Chapter.
Differences of cell mixture underpin heterodonty
This demonstrates a fundamental distinction between the two tooth types: within
incisors distal cells dominate with a minor presumptively proximal component, and
within molars a majority of presumptively proximal cells with a minor distal compo-
nent. Notably at early stages, both are predominantly distal. Therefore the critical
distinction between the incisors and molars are cell division dynamics which affect
the final mixture of labelled and unlabelled cells within each.
The first molar on the opposite side of the mouth to Figure 4.8 is shown in Figures
4.6 and 4.7. It is apparent that there is a spatial segregation of the tooth into
overlapping polyclonal regions. This suggests that there is some expansion of distal
cells during the establishment of the cap-stage tooth. The fact that the other teeth
observed are not as remarkably mixed suggests that it is a very small population
of cells which starts the initial invasion, leading to founder effects in the resulting
architecture of the tooth. Based on this polyclonal modularity, and the observation
of two and three colour teeth, the model of Chapter 3.1.3 would suggest that the
initial distal contribution to the tooth is fewer than 10 cells.
4.3.3 The mandible is derived from few distal cells, and is distinct
from the alveolar bone
The previously proposed distinction between the odontogenic and mandibular mi-
gratory populations is still evident in these Figures. More astonishingly, the alveolar
bone appears to not only be developmentally independent from the mandible, but
furthermore appears to match the tooth-forming population (Figure 4.8, red arrow).
There are two possible explanations for this: the alveolar bone may arise from a third
migratory population distinct from either tooth or mandible, or the alveolar bone
and odontogenic population are developmentally linked. This hypothesis must be
tested across a number of teeth, and is the subject of the next chapter.
More critically here though, the suggestion that the putative mandible derives from a
small distal population is further vindicated. This section of mandible is entirely red
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Figure 4.10: Reassembled lower dentition of the animal depicted in
Figure 4.1A The lower incisors (From Figure 4.2) bear no apparent lineage
relationship with either the first right molar (from Figure 4.8, nor the first left
molar (from Figure 4.7. The right second molar (From Figure 4.5) however does
bear some potential lineage relationship to the first molar on the same side,
suggesting that both are generated from the same proximally migrating distal
population.
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and cyan, with no yellow cells. This further indicates that even at a well developed
E16.5 stage, the mandible is still entirely derived from the descendants of a small
(<10 cells) distal population.
4.4 Summary - Heterodonty is underpinned by
differing proportions of distal and presumptively
proximal cells
While the previous chapter demonstrated that molars form from a distal population
of cells that migrate into proximal territory, this chapter demonstrates that the two
tooth types develop very differently. Within the incisors, distal cells proliferate, and
while there is a population of presumptively proximal cells, it appears to be small
(Figures 4.2 and 4.3). In the molars, a small group of distal cells clearly have an
important role in initiating the tooth and initially are dominant (Figure 4.5). These
grow quiescent after a few divisions and are gradually diluted out by presumptively
proximal cells (Figures 4.8 and 4.7).
The observation of a cellular differential between incisors and molars suggests that
it is the proportion of distal cells which ultimately determines tooth type. Tucker
et al. [1998] demonstrated that BMP4 signalling is required for the presumptive
incisor bud to adopt an incisor morphology. This suggests that the distal cells each
produce a quantity of BMP4, with the size of the population thus determining the
ultimate tooth morphology.
The observation of similar polyclonal composition between adjacent teeth (Figures
4.9 and 4.10) suggests that the larger odontogenic migration of distal cells proceeds
in the proximal direction, producing bud populations that populate the jaw. The
alternative mechanism to this would be if each distal contribution to the molars were
specified while still in the distal territory, before migration into position. While this
latter unsupported model would still require tooth positions to be specified prior to
migration, the proposed successive budding is effectively supportive of the progress
zone model of Osborne, and thus does not necessitate a priori tooth positions.
There are a few readily apparently cryptic boundaries within the observed popula-
tions. The cryptic boundary running through the incisor is intriguing, but if it has
any real developmental significance it is currently inscrutable. The cryptic bound-
aries between the mandible and the alveolar bone are potentially very important.
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The segregated migrations discussed in the previous chapter did not necessarily pre-
dict an origin for the alveolar bone. Nonetheless, it would appear that there is not
only a distinction between mandible and alveolar bone, but also a potential rela-
tionship between odontoblast and alveolar bone lineages. This is contrary to the
assumption that the alveolar bone is an extension of the mandible. This relationship
however cannot be explored by simple observation, as it is difficult to intuit mixed
relationships: for example, is the tooth more similar to the region that is more
medial or that which is more lateral to it? This requires a quantitative approach,
discussed in the next Chapter.
In summary, distal cells have been observed in molar development, exhibiting differ-
ential expansion from a small invading population. This is in contrast to the distal
majority of the incisors, which still surprisingly have a small presumptively proximal
component. Thus distal and likely proximal contributions do indeed align with the
two tooth types of this heterodont dentition. This strongly implies a role for distal
and proximal cells in defining tooth type, which shall be discussed in Chapter 6.
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Chapter 5
The Polyclonal Architecture of the Teeth and
Associated Bones Demonstrates the Origins
of Thecodonty
As found in the last chapter, there is an apparent polyclonal architecture to the
tooth and surrounding bone that would contradict the widely accepted model of
tooth development. According to the morphogenic field model, the teeth, alveolar
bone and mandible or maxilla should have no distinct pattern of polyclonal architec-
ture and all form from patterning of a uniform mesenchymal population. However,
Confetti labelling of the distal population suggests an association between the alve-
olar bone and the tooth, forming a unit distinct from the underlying mandible or
maxilla.
This has fundamental implications for the nature of thecodonty. It has been long
assumed that thecodonty represents the engulfment of the tooth root by the dentary
bone. If this were true, given the model of distal invasion proposed in the previous
chapter, the only possible polyclonal boundary would be between the tooth and
alveolar bone, which itself would have no distinction from the mandible or maxilla.
The fact that the association appears to be between tooth and alveolar bone suggests
that perhaps these tissues have an ontogenic link distinct from the mandible and
maxilla.
This is difficult to interpret accurately from simple imaging. Confetti cells do not
necessarily expand in a static fashion, and mixing or migration of cells is common
in development. As a result, mixed populations inhabit most parts of the Figures in
the last chapter. This information is however still valuable: two sufficiently mixed
populations dividing homogeneously in isolation will still retain closer proportions
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than a third population of more distant relation. In order to properly explore these
distinctions, the definition of distal and proximal is less important, and all cells can
be considered in either jaw. This is accomplished by labelling all neural crest cells
with Wnt1-Confetti.
In order to explore polyclonal relationships in and around the teeth, a method was
required that would aid perception of different mixes of confetti-labelled cells. This
tool should reveal the boundaries between different mixtures of cells, and thus the
boundaries between different polyclonally defined regions. This is accomplished util-
ising Principal Components Analysis (PCA) in a novel fashion as an image analysis
tool. While PCA has been used in image analysis many times before, it would
appear this is the first application for analysing mixtures of randomly labelled cells.
5.1 Methods
5.1.1 Labelling Strategy
As well as the distal population, it is useful to label all cells. This is accomplished
by using the Wnt1-Cre transgene, raising Wnt1-Confetti mice that label all cranial
neural crest cells. This cross is described in Chapter A.1. Wnt1-Confetti serves as
an independent testing ground for the observations made using Hand2-Confetti and
allows me to extend my findings to regions not derived from a distal population,
namely the teeth in the upper jaw. Animal husbandry is described in Appendix A.1,
and sample preparation in Appendix A.2. Sections and animals used are detailed
in Figure 5.1.
5.1.2 Choice of PCA as an Analytical Tool
PCA operates by taking into account many different variables across different sam-
ples, treating these variables as axes of a multi-dimensional space, identifying the
direction in which variance is greatest and re-orienting the data along this new axis,
the first ‘principal component’. Further principal components are then identified as
axes perpendicular to this, again maximising variance of the data along each axis.
Each data point has a new coordinate position within this principal component
space, encoding many different original variables into a few summary composite
variables that best describe the data. The use of PCA is common in machine vision
applications for its ability to integrate large amounts of disparate information into
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simple manipulable metrics [Davies, 2004], as well as for various application in bi-
ology, from morphometric analysis of skulls to [Bhullar et al., 2012] classification of
the chemical characteristics of olfactants [Carey et al., 2010].
The value of using PCA with Confetti is that each colour may be treated as a
variable, with the resulting principal components representing mixtures of these
colours. This means that a territory that grows out of an initial population that
was for example 20% red and 80% yellow will occupy a different position in prin-
cipal component space to one which is 50% yellow and 50% cyan. Simply put, the
complexity of four-colour mixtures can be condensed into summary statistics that
encode mixtures.
This elevates our capacity to analyse randomly labelled lineage populations that are
far removed from their period of labelling from the simple observation of possibly
erroneous monoclones, to a far more discriminatory and valuable interpretation of
polyclonal mixtures.
5.1.3 Implementation of PCA
A plugin for ImageJ/FIJI was developed that allowed for Principal Components
Analysis of images based on volume of tissue of each colour and its mixture. The full
discussion of this methodology is found in section A.5. In brief, for each pixel within
regions of interest a sample is taken encompassing all pixels within a certain radius,
weighted as a Gaussian blur, giving a multi-colour mixture identity. This identity is
mostly defined by the material closest to the pixel being examined, with more distant
pixels having ever decreasing weight upon the identity. These identities represent the
mixture of labelled cells which comprise the population around that pixel. These are
then subjected to PCA, revealing the distinct mixtures that comprise the sample.
Different regions within the actual image can be explored within PCA space through
a number of different readouts.
The key user-defined variable for this analysis is the σ (sigma) of the blur. This
defines the width of the ‘search area’ around each pixel, and in effect determines
how many cells contribute to each mixture. For each of these analyses a σ of 50µm
was used. In a two-dimensional sample, this means that 66% of the identity of
the mixture was determined by up to approximately 30 cells, and 95% by up to
approximately 125 cells. As distal cells are relatively diffuse, the actual number of
cells involved in each mixture is lower.
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5.1.4 Representation of Data
Classically the data from PCA is displayed in dot plots, wherein a random sample
of points can be shown within PCA space. This however removes information about
the original anatomical locations of each point. To counter this, during the prepa-
ration phase several regions of interest can be specified, shown in following figures
as coloured outlines. These have no impact upon the analysis itself but serve as
an index to highlight populations within PCA space. Each row of the results from
the PCA analysis represents a single pixel from the original image, and contains
its position within the principal component space in columns. The regional index
occupies a further column that can then be used to identify the anatomical feature
that this pixel originally came from. These indices can then be used to segregate
and label points within the dot plot in different colours.
Regional indices are useful for labelling an a priori structure, such as identifying
teeth distinctly from bone, but they do not allow for any sort of post-hoc analysis.
In order to do this, the principal component identities of each sample must be
mapped back into their original positions within the image. To our knowledge, this
is an entirely novel data representation developed for this thesis, which we call a
‘PCA Map’.
This is an elegant representation of the data in a human-friendly fashion. Each
mixture identity is re-encoded as a colour based on its position within Principal
Component Space. Different mixtures will appear as different RGB colours in the
PCA Map, with the intensity of red representing position in Principal Component
1, green representing Principal Component 2 and blue representing Principal Com-
ponent 3. This helps to contextualise the findings of the PCA in a spatial manner,
where usually they are only represented in an abstract sense. This also allows for in-
terpretation of boundaries between differently encoded regions in a post-hoc fashion,
rather than simply attempting to confirm an a priori division, as interfaces between
distinct mixtures will appear as boundaries of colour.
The mapping of biological information onto a relevant map is not itself a novel
concept. Cavalli-Sforza famously mapped genetic allele information onto geograph-
ical maps of Europe [Cavalli-Sforza, 1997], and it is becoming common practice in
morphogenetic analysis to map information about changes or difference back onto
a representation of the analysed structure [Nguyen et al., 2013]. To our knowledge,
this is the first time that any metric of polyclonal mixed lineage information has
been encoded directly into a map of anatomical structures.
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Finally, a bar chart is produced that demonstrates the reliability of the PCA and how
much variance is captured by each principal component. This is necessary to validate
the interpretation of the PCA. The first two principal components typically account
for more than 80% of all variance, and are sufficient to highlight key differences:
encoding more as colours is also conceptually difficult given that there are only
three primary colours. The variance bar charts for each analysis are all presented
in Figure 5.22 at the end of this chapter.
5.2 Results
5.2.1 The molars and associated alveolar bone are
developmentally distinct from the mandible and maxilla in
Wnt1-Confetti Labelled Tissue
As the Wnt1-Confetti line labels the entirety of the jaw mesenchyme, it is very useful
for detecting large scale polyclonal differences distinct from the invasive patterns
explored with Hand2-Confetti. Figures 5.2 and 5.5 show a first and third molar
respectively in two different E18.5 Wnt1-Confetti individuals. Both represent a
large number of highly mixed cells, and it is impossible to interpret samples with
any degree of confidence purely by use of subjective or simple methods, necessitating
the use of PCA.
The PCA maps in Figures 5.3 and 5.6 reflect the mixture differences across either
sample. Both show distinctive change in PCA encoding along a sharp line where the
alveolar bone meets the mesenchyme. In both this is a transition from Red (High
value in PC1) to Blue (Low value in PC1, High Value in PC3). Note that while
this change in PCA encoding runs very close to the anatomical regions we manually
defined (coloured lines in Figs 5.2 and 5.5, black lines in Figs. 5.3 and 5.6), the
analysis did not have access to this regional information. The correspondence of
the change in PCA encoding to our anatomical definitions demonstrates that a
true biological boundary between distinct and isolated populations runs along this
anatomical boundary.
Figure 5.3 shows striking similarity between the odontoblasts, periodontal ligament
and the alveolar bone - all are labelled with the same red or yellow encoding, de-
noting a high value in PC1. This implies that they are from the same polyclonal
population, which excludes the mandible. The yellow encoding in the odontoblasts
Figure 5.2: Sagittal section of an E18.5 molar and mandible in a
Wnt1-Confetti Mouse. Lines show the PCA regions for subsequent related
figures. This mandible is very well developed, and the tooth and alveolar bones are
likewise very mature. Meckel’s cartilage is visible to the left (posterior) edge of the
image, demonstrating a mix of contiguous colours in patches, indicative of
proliferation without mixing, unlike the rest of the section. Superficially it would
appear that the tooth is far more dense with cyan cells than the mandible, which
is more mixed and red-dominated. m - mandible, mc - Meckel’s Cartilage, ob -
odontoblasts, pol - periodontal ligament, ab - alveolar bone.
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Figure 5.3: PCA Map of the sample shown in Figure 5.2, demonstrating
independence of the alveolar bone, odontoblasts and periodontal
ligament of a first modal from the mandible. The molar and alveolar bones
are clearly distinct from the mandible. Principal Component 1 (red) delineates
these two compartments, in a manner that mostly follows the manually defined
anatomical compartments (black lines). Also notable is the lack of distinction
between the mandible and Meckel’s cartilage, demonstrating their shared origins.
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Figure 5.4: PCA plot for Figure 5.3, demonstrating independence of
the alveolar bone, odontoblasts and periodontal ligament of a first
modal from the mandible Shows 2000 random pixels from the two regions
outlined in 5.2 mapped into PCA space using the same colour code: red for tooth,
periodontal ligament and alveolar bone, and green for mandible. These clearly
segregate with respect to the first principal component. The second component
reveals within-compartment variance for both, suggesting the range of variance
inherent in two segregated populations of comparable size and proliferation
dynamics. This demonstrates that the two compartments are indeed distinct and
developmentally segregated.
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Figure 5.5: Sagittal section of an E18.5 third molar and mandible in a
Wnt1-Confetti Mouse. Lines show the PCA regions for subsequent related
figures: red denoting the buccal mesenchyme (periodontal ligament, odontoblasts
and nascent alveolar bone) and green denoting the mandible. The posterior
section of this mandible is very well developed around Meckel’s cartilage. This
tooth is far less developed than that of Figure 5.2. m - mandible, mc - Meckel’s
Cartilage, ob - odontoblasts, pol - periodontal ligament.
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Figure 5.6: PCA Map of the sample shown in Figure 5.5, demonstrating
independence of the alveolar bone, odontoblasts and periodontal
ligament of a third modal from the mandible.. While less cleanly delineated
than the previous example, there is still a reasonably clear distinction between the
tissue above the bone and the mandible itself. The PC1-high identity in red is
present in the mandible and in small patches within the buccal tissue, though this
can occur as a coincidence. Regardless, a cryptic boundary is well supported.
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Figure 5.7: PCA plot for Figure 5.6, demonstrating independence of
the alveolar bone, odontoblasts and periodontal ligament of a third
modal from the mandible. Shows 2000 random pixels from the two regions
outlined in 5.5 mapped into PCA space using the same colour code: red for
alveolar bone, odontoblasts and periodontal ligament, and green for mandible.
This shows similar trends as in Figure 5.4, with the same conclusions: the alveolar
bone, periodontal ligament and odontoblasts are distinct and developmentally
segregated from the mandible. The two compartments are slightly more mixed at
their interface, suggesting a greater similarity than in the previous example,
though this can be coincidental.
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and anterior alveolar bone shows that while that most of the variance in this image
comes from the distinction between the mandible and the buccal mesenchyme (teeth,
alveolar bone and periodontal ligaments), there is also a slight distinction between
the tooth itself and the alveolar bone posterior to it, likely due to a founder effect in
generation of the tooth. This further suggests that the alveolar bone anterior to it
may arise from this modified founder population, and consist of cells that emigrate
back out from the tooth bell in an anterior (and thus lateral) direction.
The distinction between alveolar bone and buccal mesenchyme can also be seen in
Figures 5.5 and 5.6. This represents a tooth further back in the row, and there
is still a clear boundary within the PCA map close to the anatomical boundary
of mandible and periodontal ligament. There is a greater similarity between the
mandibular population and the odontoblasts within this sample. There is no visible
contiguity between the mandibular population and the odontoblastic population, so
the similarity is likely a coincidental expansion of the very prevalent yellow cells
within the odontoblasts.
The plots shown in Figures 5.4 and 5.7 demonstrate that in both there are strong
differences between the mandible itself and the population that comprises the alve-
olar bone and the odontoblasts. In both, the colours of the points correspond to
the outlined territories of Figures 5.2 and 5.5 respectively, denoting that this data
point was drawn from those anatomical regions: green denoting mandible and red
denoting alveolar bone and tooth.
In Figure5.4 the two anatomical regions segregate along an apparently vertical inter-
face, showing complete separation in the first Principal Component. This means that
the greatest source of variance anywhere within the image is contained within the
difference between the mandibular population and the alveolar/odontogenic popula-
tion. The conclusion from this is that the alveolar bone and odontoblastic lineages
form independently from the mandible. The overlap between these two groups
of points within the plots comes from the fact that this is comparing an a priori
anatomical definition to the actual lineage boundaries of the sample, so there is
some encroachment of the actual cellular territories across our artificially defined
boundaries.
Figure 5.7 corroborates this point to a degree, though there is a greater overlap
between the two populations. Though the populations within the tooth bell and
the mandible are more similar than seen in the previous example, this can arise
coincidentally, and the anatomical interface between the mandible and the alveo-
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lar bone/periodontal ligament still represented an interface between two different
lineages, as evidenced by Figure 5.6. The fact that the plot does not demonstrate
this difference as adequately as the line is a testament to the utility of mapping
analytical data back onto anatomical diagrams. One could of course perform the
analysis and then identify contiguous regions of similar PCA encoding, which would
by definition create cleanly segregated PCA Plots. However, the approach employed
in this chapter better represents the relationship between my a priori anatomical
interpretation, and the ‘true’ biological compartmentation.
This distinction of dentary bone contrasted with a joint tooth-alveolar bone-periodontal
ligament compartment is also present in the upper molars when compared to the
maxilla (Figure 5.8). Once again the same polyclonal identity links the tooth, pe-
riodontal ligament and associated alveolar bone, all of which are distinct from the
maxilla (Figure 5.9). This also extends to the alveolar bone on the oral side of
the tooth. These distinctions segregate strongly within the first two principal com-
ponents (Figure 5.10). This demonstrates the generality of this lineage boundary
across both jaws, and suggests that whatever process shapes the lower jaw also
shapes the upper jaw. Therefore the teeth of the upper jaw likely form from a distal
to proximal migratory population as in the Hand2-labelled lower jaw, even though
this cannot be labelled directly. It cannot be inferred that the maxilla forms from an
early small distal to proximal migration as demonstrated in the mandible in the last
chapter, only that the teeth have a similar compartmentation from the underlying
dentary bone.
5.3 The distal contributions to the molars also show
modularity of tooth and alveolar bone, distinct
from the mandible
In the last section it was noted that the alveolar bone appears to be produced
from the same population as the odontoblasts. This bone is also labelled in Hand2-
Confetti as coming from the distal population of the mandible (Figure 5.11). It is
worth noting that the mandible is far more densely populated with labelled distal
cells relative to the teeth and alveolar bone which have significant unlabelled and
thus presumptively proximal constituents, further suggesting that the two structures
form by different processes. These two populations do not segregate cleanly in PCA
space, but do have quite obvious compartmentation in the PCA map, particularly
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Figure 5.8: Sagittal section of an E18.5 upper second molar and maxilla
in a Wnt1-Confetti Mouse. This region shows very well developed alveolar
bone, both on the oral side of the tooth (bottom of the image) and to the posterior
(right side of the image). The maxilla is visible outlined in red. There is an
apparent colour discontinuity, with the teeth and alveolar bone containing far
more red cells than the maxilla. m - maxilla, ob - odontoblasts, pol - periodontal
ligament, ab - alveolar bone.
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Figure 5.9: PCA Map of the sample shown in Figure 5.8 demonstrating
independence of the alveolar bone, odontoblasts and periodontal
ligament of an upper second modal from the maxilla. The maxilla is
clearly very distinct from the rest of the sample, represented as a strong red stripe
within PC1. One mixture is encoded as a turquoise colour, which corresponds to
the odontoblasts, oral-side alveolar bone and adjacent alveolar bone. The very
posterior edge of the adjacent alveolar bone has a distinct orange encoding
(asterisk), suggesting perhaps a different polyclonal territory associated with an
adjacent tooth.
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Figure 5.10: PCA plot for Figure 5.9 demonstrating independence of
the alveolar bone, odontoblasts and periodontal ligament of an upper
second modal from the maxilla. Shows 2000 random pixels from the two
regions outlined in 5.8 mapped into PCA space using the same colour code: red for
maxilla, and green for tooth, alveolar bone and periodontal ligament. The
compartments explored in the upper molar (Fig. 5.5) show the same segregation of
maxilla from alveolar bone and tooth populations. The two compartments do not
segregate so well within PC1 alone, but do across the first two principal
components. The presence of similar compartmentation in the upper jaw suggests
that the same distal to proximal migrations are occurring in odontogenesis in both
jaws, even though the upper distal population cannot be observed with Hand2
labelling.
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in the second principal component (Figure 5.13).
This pattern is borne out in a coronal view 5.14. Here it is clear that the mandible is
distinct from the developing alveolar bone and tooth (red outline). Within the PCA
map three populations are visible: the mandible, alveolar bone and tooth (Figure
5.15). It would appear that the tooth population and alveolar bone are intimately
linked, as they are quite confined within the first principal component space (Figure
5.16), and the blue colour encoded within the alveolar bone also appears on the
buccal side of the tooth. However, the closer relationship between the tooth and
medial/buccal mesenchyme would suggest that a lateral-to-medial axis of migration
creates this pattern.
This process is implicated in formation of alveolar bone around the incisor. Figure
5.17 represents a sagittal section through a P0 incisor, showing complex mixtures
of cells throughout the odontoblasts. At the posterior edge (Figure 5.18) very rare
green labelled populations are visible extending around the end of the invaginated
epithelium and into the bone. Fewer than 5% of clones appear to adopt this colour,
so the likelihood of coincidental green labelling is less than 0.25%. This is better
explained by either a common lineage origin of odontoblasts and alveolar bone, or
alternatively a migration from the tooth giving rise to the alveolar bone, which is
supported by the highly suggestive arrangement of cells in that Figure.
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Figure 5.13: PCA plot for Figure 5.12, demonstrating independence of
the distal contributions in the alveolar bone, odontoblasts and
periodontal ligament of a first modal from the mandible. Shows 2000
random pixels from the two regions outlined in 5.11 mapped into PCA space using
the same colour code: red for X and green for Y. While the two populations are
not occupying exactly the same space, they are not well segregated. This is due to
the presence of several populations within the two regions, demonstrating that the
predicted boundaries, while valid, were not exhaustive.
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Figure 5.14: Coronal section of an E16.5 lower first molar and mandible
in a Hand2-Confetti Mouse. This represents the same tooth shown in Figure
4.8 at a higher resolution. The cryptic polyclonal boundary discussed previously is
represented in the annotation boundaries, with the cyan-and-red dominated
mandible outlined in green, and the alveolar bone grouped with the tooth.
Visually this is the reasonable interpretation and it would appear that there are
two compartments defined by presence or absence of yellow and cyan cells. m -
mandible, ob - odontoblasts, pol - periodontal ligament, ab - alveolar bone.
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Figure 5.15: PCA Map of the sample shown in Figure 5.14,
demonstrating independence of the distal contributions in the alveolar
bone, odontoblasts and periodontal ligament of a first modal from the
mandible. Contrary to the conclusion reached by simple visual interpretation,
PCA reveals three compartments: the ventral aspect of the mandible highlighted
in green, the tooth, attachment region and surrounding mesenchyme in yellow, and
a third blue-highlighted population representing the dorsal aspect of the mandible
and the mesenchyme directly ventral to the tooth.
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Figure 5.16: PCA plot for Figure 5.15, demonstrating independence of
the distal contributions in the alveolar bone, odontoblasts and
periodontal ligament of a first modal from the mandible. Shows 2000
random pixels from the two regions outlined in 5.14 mapped into PCA space using
the same colour code: red for X and green for Y. These two regions are relatively
well segregated, showing that the ventral aspect of the mandible is distinct from
the tooth and dorsal mandible.
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Figure 5.17: Clonal heterogeneity in the incisor at P0 This sagittal section
of a lower incisor in a newborn shows significant mixing of the labelled neural crest
cells in a Wnt1-Confetti mouse. There are likely regions of single clonal expansion,
as evidenced by the large territory of red-labelled cells towards the posterior.
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5.4 Adjacent molars and alveolar bone arise from the
same basal population, but are divergent from one
another
Lumsden has previously shown that single molar buds explanted can lead to several
molars later on, a piece of evidence used at the time for a progress zone model of
tooth mesenchyme, which for unclear reasons fell from fashion and was largely for-
gotten. The abandonment of this model is partly due to the difficulty of obtaining
clonal resolution at the single cell level. This became now a testable proposition us-
ing polyclonal analysis of Confetti: If adjacent molars share a common mesenchyme,
that should be visible in our PCA analyses.
Figure 5.19 shows a sagittal section through two adjacent molars, in the upper jaw of
a Wnt1-Confetti E18.5 mouse, including associated alveolar bones and periodontal
ligament. The polyclonal architecture in this region is very complex and mixed, due
to the advanced stage of development and resulting polyclonal variety (Figure 5.20).
The distinction between the two teeth and their alveolar bones is demonstrated
far more clearly within the plots of Figure 5.21. The distinction between the two
teeth and the maxilla is contained within Principal Component 2, while Principal
Component 1 shows both the variance across the maxilla and the distinction between
the two overlapping tooth compartments. This suggests that the two teeth arise from
a common lineage but diverge through isolated elaboration.
In conclusion, the teeth most likely arise as buds from a single migratory popula-
tion, rather than being patterned from entirely distinct regions of mesenchyme as
previously thought.
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Figure 5.18: Alveolar bone adjacent to the incisor likely arises from the
odontoblast population Taken from the posterior dorsal edge of the tooth
shown in Figure 5.17. Only red, green and bright field channels shown. Green
labelling is unlikely, thus the green population is assumed to be monoclonal. These
cells can be found within the tooth (white arrow), encompassing the end of the
invaginated epithelium (green arrow) and within the alveolar bone (yellow arrow).
They appear to be part of a migratory stream, based upon the orientation and
morphology of the red-labelled cells. This implies that the alveolar bone is
populated by cells that migrate out from the incisor bud.
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Figure 5.21: PCA plot for Figure 5.20, demonstrating both similarities
and differences between the two teeth modules, which are also
segregated from the maxilla. Shows 2000 random pixels from the three regions
outlined in 5.19 mapped into PCA space using the same colour code: red for X,
green for Y and blue for Z. The two teeth, with their associated alveolar bone and
periodontal ligament (red and blue) are distinct from the maxilla (green). The two
teeth overlap, but also explore different spaces, suggesting that they come from a
common origin and have diverged.
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5.5 Summary - Teeth and alveolar bones are cryptic
developmental modules, distinct from the dentary
bones
Based on the polyclonal mixtures within the mandible or maxilla, associated alveolar
bones and teeth contained within them, we must at a minimum observe that the
alveolar bone is not derived from the associated principle jaw bone. This is evidenced
by a consistent boundary in the cell mixture encodings revealed by PCA across all
of the PCA analyses presented. This implies that the alveolar bone, periodontal
ligament and odontoblasts form from a single population that is segregated from
the dentary bone (maxilla or mandible) early on. These two populations are also
distinct within the distal migratory population (Figures 5.15 and 5.20), further
corroborating the idea that the mandible forms from a distinct migration segregated
from the buccal mesenchyme.
The observation of a developmental modularity linking alveolar bone, odontoblasts
and periodontal ligament entirely disagrees with the widely accepted model that
the alveolar bone is merely a projection of the dentary bone. Clinical evidence
corroborates this model: In anodontia, wherein tooth development is abrogated,
alveolar bone is said to ‘atrophy’ [Imirzalioglu et al., 2002; Bani et al., 2010]. The
model proposed here would suggest that the alveolar bone is also lost, as it is
intrinsically linked with the tooth. More excitingly, the cryptic modularity of the
tooth and casket provides a far better basis for the independence of each tooth in
maturation time, allowing for the coordination of individual loss and eruption of
deciduous teeth.
Figures 5.19 and 5.20 demonstrate weak similarity between adjacent molars in the
upper jaw, with the alveolar bone appearing more similar than the odontoblasts. As
Figure 4.9 demonstrated, distal populations in adjacent teeth derive from the same
lineage, and distal cells have been observed to contribute greatly (and perhaps to the
exclusion of proximal cells) in alveolar bone (Figures 5.11 and 5.14). This suggests
that the migratory population buds off colonising groups which share lineage, while
the rest of the encorporated presumptively proximal cells have no particular lineage
relationship that would be shared between adjacent molars.
In conclusion, the best explanation for the phenomena observed is that teeth are not
entirely independent organs on their own, but have a close association to their en-
sconcing alveolar bone and periodontal ligaments which seamlessly ankyloses to the
88
underlying bone. This cryptic modularity is the basis of thecodonty, and corresponds
far better with dynamics of tooth development than the traditional explanation of
the alveolar bone passively accommodating the teeth.
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Chapter 6
Clonal Architecture of Teeth:
A Discussion of Part I
In the introduction to this Part, three features of the canonical mammalian denti-
tion were described: how teeth come to be in certain positions, how teeth come to
adopt certain different morphologies and how teeth integrate into the jaw. The mor-
phogenetic field model comfortably explained the first two as a product of signalling
gradients and territories, and the question of cellular origins thecodonty was widely
regarded as a simple expression of the plasticity of bone morphology in evolution.
All three of these comfortable answers must be discarded in the face of the evi-
dence of the past three chapters. Mesenchymes of the developing tooth row display
a remarkable degree of dynamism with disto-proximal migration, mixing of cell
populations, clonal expansions in time and space and the discovery of common pro-
genitors of teeth and their adjacent tissues, periodontal ligament and alveolar bone.
A new model is required that can account for the polyclonal architecture of the
invasive distal population that clearly gives rise to both incisors and molars. Our
observations have a number of significant implications for models of tooth induction,
composition, the emergence of heterodonty and the modular nature of teeth. This
work also represents the first time that complex developmental characteristics have
been inferred from the interpretation of mixed lineage populations in a quantitative
manner.
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6.1 Distal to Proximal Migrations in the Patterning of
the Jaws
The most shocking and far-reaching finding within this study is the observation
of distal cells in the proximal jaw, as evidenced by the many Hand2-labelled cells
in every observed lower jaw molar. Even in the absence of the information that
Confetti labelling provides, this thoroughly undermines the assumed stability of cell
populations that underpins the morphogenetic field model.
What Confetti allows us to do is dissect the distal populations into at least two
distinct migrations. Based on the colour dissimilarity between mandible and the
other structures of the jaw, as observed in Figures 3.7 and 4.8, there are most
likely two migrations. The relative homogeneity of the mandible suggests that it
has a very small progenitor population, while the buccal mesenchyme that gives
rise to the alveolar bone, periodontal ligament and odontoblasts is more diverse in
its Confetti colours, suggesting a larger progenitor population (Figure 3.2). This
furthermore implies that the mandibular migration occurs earlier, when the animal
consists of fewer cells. Based on the observation of Lumsden [1988] that mandibular
mesenchyme only obtains its odotongenic potential between E10 and E11, the buccal
population must be specified in this time period.
The molar row arises from a successive budding of the second larger proximally
migrating distal population. This is evidenced by the similarity of composition in
adjacent molars, demonstrated in Section 4.9 and Figure 5.21. Each bud creates
both the tooth, periodontal ligament and the alveolar bone in which it sits, inferred
from the common lineage of the three structures as discussed in the last chapter.
This is equally true of the incisor (Figures 5.17 and 5.18).
The morphogenetic field model posits the lineage relationships that are depicted in
Figure 6.1: an basal division with no later mixture. While the polyclonal architec-
ture of the proximal population has yet to be elucidated, a distal lineage map can
be constructed for this new model, represented in Figure 6.2. Depicting the two
invasions of proximal territory, and the successive budding of the tooth row. These
distal to proximal migrations are novel observations that are neither predicted nor
necessary in the morphogenetic field model, and are in fact antithetical to it as they
violate the presumed stability of the morphogenetic field map.
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Figure 6.3: Model of polyclonal compartmentation within the tooth. A:
At the start of the cap phase, a small number of distal labelled cells form the
primary enamel knot. B: These cells expand in situ. Some other mesenchyme also
enters the developing cap. There is little mixing within the teeth, so the two sides
of the tooth remain clonally distinct. C: Proliferation within the distal cells
ceases. Expansion of the tooth is driven by invasion of unlabelled mesenchyme.
The labelled cells spread out, retaining their original pattern of invasion and
expansion and giving the appearance of clonal segregation.
6.2 Distal cells in the specification of molar position
Mandibular cells migrating from the distal end of the mandible into the proximal
territory appear to represent the majority of the mesenchyme around the nascent
tooth buds, as well as forming the majority of the initial population of the molar
odontoblasts. The top jaw appears to recapitulate the trends of the bottom jaw
when all neural crest cells are labelled, implying that similar processes occur there.
This shows that there is no stability to the original morphogentic landscape of the
jaws, and renders models built upon the assumption of stability very hard to defend.
The time course of initiation and growth within the molars can be easily intuited
from the nascent first molars in Figures 3.7 and 3.8, the intermediate second molar
observed in Figure 4.5 and the more mature molars shown in Figures 4.6, 4.7 and
4.8. It is clear that a small population of distal cells invades and divides a number
of times. Meanwhile a number of presumptively proximal cells are also incorporated
into the tooth but, and either by division or further invasion dilute out the distal
population. This results in the overlapping polyclonal modularity of the distal
populations in the molar. This process is summarised in Figure 6.3.
It is not clear how teeth positions are chosen. This may still be reliant on epidermal
signalling, with the migratory cells undergoing chemotactic homing. This is however,
unnecessary. Osborn’s model of inhibitory zones is likewise a possibility, though
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not the most parsimonious. No long range signalling is necessary. This process
may simply be organised by a progressive distal-proximal interface, with cells at the
juncture being committed towards a certain tooth. This interaction must render the
presumptively proximal cells insensitive to further initiating interactions, requiring
further distal cells to continue proximal migration through the committed proximal
mesenchyme into new territory. This is summarised in Figure 6.4. It is furthermore
conceivable that there is a migrating ectodermal/endodermal placodal population
[Fraser et al., 2010] coincides with the migrating distal/proximal boundary in the
mesenchymal cell population boundary, and it is this which is involved in initiating
the tooth proper.
This is the most parsimonious explanation for specification of teeth, and has a
further potential intrinsic regulatory property: if the overall size of the tooth is
dependent on the initial population that is committed to it, then the distance of
migration necessary will likewise be longer, and the gap between tooth buds will
inherently be linked to the size of the teeth.
The migration of cells from the distal population labelled in Hand2-Confetti has
been shown to most likely proceed from the crest of the mandible towards the
mouth, in a lateral-to-medial direction, as discussed in the previous chapter with
reference to Figures 5.3 and 5.12. In the mouse this appears to merely give rise to
the mesenchyme and alveolar bone. However, in many mammal this would be the
site of deciduous tooth development, and more broadly in evolution the successional
lamina of tooth replacement is found medial to the mature teeth [Huysseune, 2006;
Handrigan and Richman, 2010]. As discussed previously, these distal cells initiate
molar development, and the observed lateral to medial migration of these cells is
consistent with the successional initiation of teeth on the medial side.
In conclusion, the distal to proximal migration provides a hypothetical mechani-
cal basis for the specification of tooth row position without requiring long range
signalling. This possibility will be important to consider in future attempts to un-
derstand tooth positional specification. However, the most important consequence
of this model is that it places distal cells at the root of tooth specification, and thus
begs the question of how they are involved in generation of heterodonty, discussed
in the next section.
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6.3 Heterodonty is a dynamical property arising from
differential expansions of distal and proximal cells
in time
The principle difference between the well developed incisors and first molars at E16.5
is that the incisors are dominated by distal cells with a presumptively proximal
minority (Figure 4.3) and the first molars are dominated by presumptively proximal
cells with a distal minority (Figure 4.8). This late abundance of unlabelled cells is
surprising, as at E14.5 the first molar is surrounded by labelled distal cells (Figures
3.7 and 3.8), and at E16.5 less developed second molar in the same tooth row is
more dominated by distal cells (Figures 4.5 and 4.9). This change in the dominant
population implies differential expansion of the two populations within the different
teeth: in incisors the distal cells divide many times, giving rise to large polyclonal
territories, and in molars the distal cells divide only a few times, implying that
presumptively proximal cells are dividing preferentially to bulk out the tooth. This
is summarised in Figure 6.5. This fundamental difference of constituent mixtures
provides a possible foundation for the generation of heterodonty.
The key finding in this is that heterodonty is not a passive readout of the initial
molecular landscape of the morphogenetic field. Rather, it comes about via a dy-
namic process of migration and differential expansion at particular points along the
tooth row. This is a step wise sequence where initial polyclonal distributions are
different from later ones and it is the emerging difference in time that makes up
the qualitative feature of heterodonty. This can explain why despite the remark-
able similarity of early branchial gene expression patterns see across vertebrates,
some have teeth and others do not. It was not conceived by previous models that
teeth might be fundamentally different in their polyclonal composition and that this
composition changes in time.
The growth models of Salazar-Ciudad et al. [2010] and Harjunmaa et al. [2014]
posit a larger role for the dental epithelium in shaping the tooth, while it is known
from the experiments of Kollar and Baird [1969] that it is the mesenchyme which
specifies tooth identity. This implies signalling from the mesenchyme shapes the
behaviour of epithelium. The experiments of Tucker et al. [1998] demonstrated that
inhibition of BMP signalling in an incisor results in a molariform morphology. From
this it was concluded that BMP signalling mediates the morphogenetic field. This
evidence can be easily subsumed by our model by proposing that BMP signalling
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by distal cells causes changes to the dynamics of the dental epithelium which shapes
teeth morphology. The different proportion of distal cells within either tooth results
in a differential of BMP signalling and thus distinct morphologies. This model is
outlined in Figure 6.6.
This proposal may not simply describe a binary difference in tooth morphology, but
also differences between species along a continuum. Part of the basis for diversity in
dentition could be the relative abundance of mixtures of cells. A prediction arising
from this would be that closely related species with distinct molar morphologies
may differ in the number of distal cells contributing to each tooth, or the level of
BMP expression in the molar-resident distal cells.
The observation that incisors revert to a molariform morphology in the absence of
BMP signalling suggests that this is the default course for tooth development, with
incisors representing a derived elaboration. The observation that incisors develop
reasonably normally in the absence of Hand2 would suggest that this gene is related
to the migratory behaviour of the cells, and not necessarily directly involved in the
expression of signalling to the epithelium. Hand2 is widely known to be responsible
for coordinated ’sheet migration of cells in the heart and other tissues [Yamagishi
et al., 2001; Hendershot et al., 2007, 2008; Barron et al., 2011], and a very ancient
property of Hand2 is traceable to the coordination of hand2 positive progenitor cells
in heart morphogenesis in bilaterians, shared feature with insects [Cripps and Olson,
2002].
The observation of tooth-and-casket developmental modularity presents another ex-
citing possibility for the development and evolution of heterodonty. Based on cur-
rent fossil evidence, it seems likely that both thecodonty and heterodonty co-evolved
within Cotylosaurs [Gregory, 1920; LeBlanc and Reisz, 2013]. This implies that the
alveolar bone is necessary for mammalian heterodonty and thus involved in sup-
porting complex tooth morphologies, an implication that is far better supported by
a model that links tooth and alveolar bone development rather than positing the
bone as a passively reactive environment that merely accommodates the teeth.
6.4 Developmental and Evolutionary Nature of the
Thecodont Tooth
Based on the observed polyclonal relationships in both the lower and the upper
jaws, we are forced to accept that the alveolar bone in which the teeth reside is
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not developmentally derived from the maxilla and mandible, as demonstrated by
the figures of Section 5.2.1. Furthermore, there are apparently close and consistent
relationships between the teeth and the alveolar bone which encapsulates them and
physically links them to the dentary bone. The unexpected relationship between
the alveolar bone caskets surrounding the molars and the odontoblasts themselves
suggests that thecodonty does not represent the engulfment of tooth roots in a more
elaborate dentary bone, but rather the deeper cryptic ankylosing of tooth-and-casket
developmental units directly onto an underlying jaw.
The relationship between odontoblasts, periodontal ligament and the adjacent alve-
olar bone might be a reflection of the well-established fundamental relationship be-
tween teeth/denticles and their respective bone of attachment [Smith and Coates,
1998], with the difference that in the thecodont condition the tooth sits deep inside
and not just on top of the dermal bone socket. The distinction between this model
of tooth-in-casket modularity compared to the current concept of independent teeth
arising from a stable mesenchyme is summarised in Figure 6.7. This possibility has
a number of very interesting consequences that resolve several longstanding issues
in tooth development.
First is the highly likely ontogeny of this cryptic alveolar bone to the bone of attach-
ment in chondrichthyes. Dermal bone loss in chondrichthyes is secondary [Janvier,
1996; Giles et al., 2015], and thus the tooth condition of extant sharks for example
is one of retention of the bony rudiment of the tooth, but loss of the underlying
bone. The opposite is true in edentulist clades such as birds, sloths and anteaters
that have evolved from thecodont antecedents: the teeth and bony caskets are lost,
but the mandible and maxilla are retained [Meredith et al., 2013; Louchart and
Viriot, 2011; Davit-Be´al et al., 2009]. The ability to atavistically revive teeth is also
retained in birds [Harris et al., 2006]. This suggests a dissociable modularity that is
not addressed in traditional models. The developmental segregation of the maxilla
and mandible from the teeth and bony caskets permits a dissociability in historical
time.
Secondly, the specification of discrete units for each tooth also explains another
characteristic unaddressed by older models: dissociability in developmental time,
most often referred to as sequence heterochrony [Smith, 2002]. Teeth have an erup-
tion sequence that in some animals such as humans could involve many years of
difference between individual eruptions. Each eruption relies upon a complex series
of molecular interactions across the alveolar bone, reviewed in Wise et al. [2002].
Considering each tooth and casket as a discrete unit suggests that each can de-
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velop on its own timescale without cross-talk between two parts of the same tissue.
The likely independence of each also permits a role for alveolar bone as an active
participant in tooth morphogenesis, as the casket could potentially have a role in
confining and defining the growing tooth. As there appears to be a developmental
link between the two structures, coordination is far more likely than if tooth and
bone were entirely unrelated.
The key finding is that the tooth row is comprised of modular units comprising
the tooth, periodontal ligament and alveolar bone, which are then ankylosed to the
respective jaw, which is a fundamental departure from the idea of teeth growing out
of the jaw with subsequent engulfment by projections of bone.
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6.5 Conclusions
In this Part, evidence has been provided which entirely undermines the widely ac-
cepted morphogenetic field model. A model for tooth development has been de-
veloped based on observed migrations that removes all need for unsupported long-
range signalling events. Instead, all key parts of tooth development can be explained
through signalling of adjacent cell populations, cell origin identity and migration of
cells.
As well as this, the nature of the tooth as a distinct developmental unit has been
called into question. Based on the dynamics of growth, polyclonal architecture
and proposed model of specification, it seems that the thecodont mammalian tooth
is inextricably linked with the surrounding alveolar bone. This tooth-and-casket
modularity is consistent both with developmental and evolutionary evidence.
The key novel observations proposed are as follows:
1. A distal to proximal migration of cells is present within both jaws, where
previously stability of a morphogenetic map was presumed.
2. Each tooth, both incisors and molars, contain mixtures of distal and presump-
tively proximal cells, where previously incisors were believed to be entirely
distal and molars entirely proximal.
3. There exists a moving front of cells that creates a time gradient of development
along the distal to proximal axis, where previously it was presumed that all
patterning occurs at once, and no mechanism for developmental delay in the
most proximal teeth was demonstrated.
4. A lineage link exists between at least the distal contribution of molars, where
previously it was assumed that each tooth was patterned from different regions
of mesenchyme with no particular relationship.
5. A lineage link exists between tooth, periodontal ligament and alveolar bone,
which are all more closely related to each other than any is to the dentary
bone (maxilla or mandible). This demonstrates a developmental modularity
arising from a common precursor population.
6. The lack of a lineage relationship between the mandible/maxilla and alveolar
bone demonstrates that these two groups of bone are not from a common
precursor, and are thus separable in both developmental and evolutionary
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time.
7. Very few cells expanding greatly form the odontoblasts and mandible, rather
a large group of cells being patterned towards these fates. Previously nothing
was known about the size of the initiating population of any structure.
8. Heterodonty is a dynamic product of differing cellular mixtures arising from
migrational events, where previously it existed as a readout of initial signalling
pattern.
9. There is a medial to lateral axis of population in the molars, suggestive of a
mechanism by which additional teeth may be generated.
On the basis of our findings now mutants will have to be reevaluated. Multi-coloured
lineage labelling such as Confetti needs to be combined with conditional gene abla-
tions to look at the changes in proximodistal migrations of odontogenic precursors
that might cause new tooth phenotypes.
These observations are likely to be important for bioengineering of teeth: I have
demonstrated not only the ‘true’ anatomy of the tooth by recognising its cryptic
modularity with the alvolar bone, but also that their development is not a simple
matter of a capable anlage receiving the correct signals, and rather a more complex
program wherein at least two separate populations must be patterned and then
mixed in the correct proportions.
Another important implication is that long range migration occurs, we cannot say a
priori any longer where teeth come from, as there is no longer a direct link between
dermal bone and odontogenesis. This means that existing competing models of
tooth origins, such as the ‘inside-out’ model of Smith and Coates [2001] and the
‘inside-and-out’ model of Fraser et al. [2010], reviewed in Fraser and Meredith Smith
[2011], will have to factor in at some point the migratory nature of the underlying
odontogenic mesenchyme.
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Part II
Global Clonal Architecture of
the Mammalian Calvaria
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Chapter 7
Introduction: A Novel invasive growth mode
of dermal bones.
The skull is the oldest bone in the body, having evolved from the head cases of
heterostracans [Donoghue and Sansom, 2002]. The upper surface, known as the
calvaria, is comprised of intramembranously ossified dermal bone, which evolved
prior to the occurrence of the endochondral ossification of most long bones and
the viscerocranium [Francillon-Vieillot et al., 1990; Janvier, 1996; Matsuoka et al.,
2005]. Despite its provenance and obvious relevance as the casing of arguably our
most valuable organ, the nature of the dermal bones in the head is remarkably
understudied. This thesis will examine for the first time the development of the
skull as a dynamic system at single resolution by combining recombinase mediated
(lineage specific) permanent colour marking with new tools of computational image
analysis. This will enable me to investigate the composition of polyclones in 3
dimensions and their contribution towards dermal bone histogenesis.
One key gap in knowledge in the manner in which the skull grows in thickness.
While some assumptions have been transferred from knowledge of endochondral
bone development [Buckwalter et al., 1995; Ornitz and Marie, 2002; Lieberman and
Friedlaender, 2005; Karsenty et al., 2009; Wuelling and Vortkamp, 2010], little work
has been done to verify this for dermal bones [Abzhanov et al., 2007]. Other aspects
of the bone, such as growth into sutures are apparently well characterised, but in
attempting to investigate the dynamics of the skull evidence was produced that
seriously called these long-held answers into question.
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7.1 Anatomy of Calvarial Bone
This thesis focuses primarily on the frontal bone, and also on the nasal bones.
These are dermal bones formed from loose condensations of Cranial Neural Crest
Cells [Ornitz and Marie, 2002; Matsuoka et al., 2005; Wuelling and Vortkamp, 2010].
There is a strict three-layer structure to the frontal and nasal bones. There is an
outer compacta layer, an inner spongy bone layer, and an inner (brain-adjacent)
compacta layer. In this thesis these are referred to as Layers 1, 2 and 3 respectively.
The ontogeny of this critical middle layer has not been investigated before, therefore
critical aspects of how this layer can grow in thickness are unknown. It would not
be unfair to say that the last major advances in knowledge regarding this structure
were made by Hippocrates over 2000 years ago, whom first noted the presence and
characteristics of this structure while dissecting a slave [Adams et al., 1849].
The genesis of this structure is still contentious. No attention has been paid to how
cells behave within these layers, and how the layers interact. Evidently, the cells of
Layer 2 must come from one of the outer layers, either by invasion or apposition.
The latter is widely presumed due to apposition supposedly being the mechanism of
osteogenesis in endochondral bone [Buckwalter et al., 1995; Lieberman and Fried-
laender, 2005]. It is also entirely unknown whether there is a movement of cells
between Layers 1 and 3. These assumptions are based upon a paucity of data, em-
phasising the importance of this thesis in exploring the Undiscovered Country of
calvarial bone development.
This thesis attempts to tackle such questions. In Chapter 9 horizontal expansion
within individual layers will be presented and examined. In Chapter 10 the vertical
expansion of mixed polyclonal populations between different layers shall be mapped
and explored. In Chapter 11 these two independently investigated processes of
horizontal and vertical polyclonal expansion will be shown to spatially correspond
in the structure of the bone. Chapter 12 explores the relationship of polyclonal
expansion to other physical aspects of the bone, particularly biomineral growth.
The subsequent two chapters present two vignettes around important structures
within the calvaria: sutures and muscle attachment regions.
This thesis does not represent the first attempt to explore this undiscovered country
with modern techniques, as it follows on from the very insightful work of Kate
Jordan. As the key findings of this research remain unpublished, it is summarised
in the next section.
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7.2 Summary of the Work of Kate Jordan
This thesis follows on from the thesis of Jordan [2011]. In this she entirely disproved
and replaced the model of dermal bone growth, spawning further projects to explore
the impact of these findings. This was work sent to Nature as two articles, and the
lab has now completed most of the revisions requested by the referees. My work
contributes significant parts to these revisions. As it is unpublished still, I summarise
it here.
The classical model of dermal bone growth is effectively transposed from observa-
tions of endochondral bone growth, wherein new bone forms around the outside of
new [Buckwalter et al., 1995; Lieberman and Friedlaender, 2005]. In this model, the
outer layers (1, 3, or both) must be depositing matrix to expand the Layer 2 by
apposition. By examining deposition of matrix using fluorescent dyes that integrate
into new matrix, it was shown by Kate Jordan that new matrix actually forms in
the middle of Layer 2, necessitating an invasive process and bone remodelling.
Invasive growth would imply ‘vertical’ invasion of cells, i.e. the movement of cells
in the direction perpendicular to the plane of the bone from one layer into another.
Points of possible invasion were described, termed ’clasps’, where cells of Layer
1 and 3 were seen to be connected. Above these clasps small rings of cells were
found, termed ’rosettes’ due to their similarity to a flower’s petals. These Layer
1 structures consist of a central cell that demonstrated nuclear Runx2, nuclear
Hand2 and Osteopontin expression, surrounded by approximately 5 or 6 cells with
cytoplasmic Runx2. Notch1 activation was also demonstrated within the Rosette,
suggesting a stem cell niche activity similar to Calvi et al. [2003]. The role of
these rosettes remains somewhat cryptic: molecular analysis would suggest that
these may act as a stem cell niche, while the association with points of inter-layer
communication suggest a role in modulating or organising vertical invasion.
A floxed Hand2 mouse line was used [Hendershot et al., 2008] that allowed for
neural-crest specific deletion by Wnt1-Cre. This entirely removed the development
of Layer 2, with cells accumulating within Layers 1 and 3 [Jordan et al., 2015]. While
Hand2 in the nucleus down-regulates Runx2 activity [Funato et al., 2009], Jordan
also demonstrated that Hand2 was necessary for nuclear import of Runx2, which
drives invasion [Komori, 2002; Pratap et al., 2005]. This suggests that invasion of
Layer 2 by the outside layers is critical for proper development, further attacking
the argument that Layer 2 is merely secreted by Layer 1.
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A molecularly distinct subset of Layer 1 was observed at muscle attachment regions.
These cells express Periostin rather than Undulin which is found elsewhere in Layer
1. Jordan proposed that this came about via a partitioning within Layer 1, termed
Layer 1-Attachment. This possibly distinct substructure is explored in Chapter 13.
It was shown that Layer 2 (the spongy middle layer) grows not by apposition but by
an unusual inflationary process by which new matrix is deposited on the inside of
older matrix. This fact necessitates an cellular invasive process and another student,
Sophia Gibbs, has shown by labelling cells with fluorescent dyes that these invade
into the growing Layer 2 from both the outer Layers 1 and 3 (hitherto unpublished).
7.2.1 Following the invasive processes of polyclonal spread with
Confetti
While invasion has been observed by Jordan and Gibbs to be a key process in
development of parts of the bone, it is not known where it might occur, whether the
directionality of magnitude of invasion changes as the bone develops, nor and how
it relates to the horizontal spreading of cells within the same layer.
Confetti labelling reveals lineage information, allowing for the surveying of both
the vertical invasion between layers and the horizontal spreading of cells within the
same layer. Using the same Wnt1-Confetti line described in the last Part to label
all Cranial Neural Crest Matsuoka et al. [2005], the frontal and nasal bones can
be entirely labelled and studied. The work documented in this Part will provide a
global and quantitative perspective of this process: I shall demonstrate where these
invasive events happen, which layers are in communication, present the non-random
patterned nature of these invasions and explore whether there is any relationship
between the directionality of cell invasion and the thickness growth of dermal bones.
In doing so I hope to reveal how the frontal and nasal bones are shaped by these
invasions, and present a model of bone development as a dynamic and active process
rather than as the static sedimentary process it is currently thought to be.
As invasion is an entirely novel explanation for dermal bone development in the
skull, nothing can be assumed about where it may happen, what form it might
take and how it might relate to biomineral thickness growth. Thus whole bones
must be considered, in three dimensions, and their characteristics and polyclonal
architecture explored. Before polyclones might be identified, I had to develop a
means of capturing single cells in a whole mouse calvarium and summarising this
data in a manipulable fashion. This process is presented in the next Chapter.
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While little is known about thickness growth, most assumptions about skull de-
velopment centre on the sutures as the principal architects of bone development.
This model of sutural growth, the problems and shortcomings of the model and
potentially falsifiable means of assessing the model’s validity are presented below.
7.3 The Traditional Model of Sutural Growth
It is a long held belief that the sutures are the principle sites of growth in the
skull [Rice et al., 2000; Ornitz and Marie, 2002; Morriss-Kay and Wilkie, 2005].
Baer [1954] demonstrated through cessation of in vivo alazarin red staining that the
periphery of the bone would be unstained, implying it had formed since withdrawal
of the dye. The assumption implicit in this is that solid bone is not reforming, and
that any region with no stain must be entirely novel. The traditional model has
been expounded upon by numerous observers [Opperman, 2000]. Zhao et al. [2015]
recently proposed that the suture is not only the site of growth, but the cells of the
suture itself are stem cells that give rise to the bone, which is the strongest possible
conclusion of the traditional model of sutural growth.
The sutural model of growth forms the basis of medical approaches to disorders
of the suture. Craniosynostosis describes a condition wherein the suture closes
prematurely, leading to distortion of the skull [Morriss-Kay and Wilkie, 2005]. It
is assumed that this represents a loss of the site of sutural growth, with deformity
caused by compensatory growth at adjacent sutures [Delashaw et al., 1989] though
sutural compensatory growth has never been conclusively proved to occur at other
sutures. The current treatment for this condition is surgical reestablishment of the
sutures [McCarthy et al., 1995; Allareddy, 2014].
7.3.1 Problems with the Sutural Model of Dermal Bone
Development
Despite widespread acceptance the sutural model of growth fails to address many
aspects of bone development. Firstly it is limited, and does not truly address early
bone development, as sutures only exist once nascent bones are already partially
developed. This leads to the assumption that the osteogenic fronts form indepen-
dently of sutures. Secondly, there is no true explanation of why sutures appear
in the positions that they do, and how variant sutural patterns can arise, such as
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Wormian bones and the developmental noise necessary to give rise to differences
between species.
Wormian bones are small suture-defined ectopic bones that typically form along
principal sutures. Their existence sits poorly with the traditional sutural model.
Often Wormian bones have no real phenotypic effect beyond the additional sutures,
which greatly calls into question the suture as the all-powerful definer of skull mor-
phology. No clear solution to their aetiology has been found, with Berry and Berry
[1967] and Finkel [1976] favouring genetic factors and Pucciarelli [1974]; O’Loughlin
[2004] and others suggesting principally mechanical sources. Due to their sporadic
nature, no true study on the formation dynamics of Wormian bones has been con-
ducted.
While the sutures are held as the principal agents of skull growth, loss of sutures
in craniosynostosis results in only a minor (10-20% loss of bone thickness growth)
[Cohen, 2005; Cohen Jr, 2006]. This demonstrates that an unknown non-suture
dependent mechanism is responsible for bone thickness growth. It was also noted
in the past literature that areas of muscle attachment are characterised by ridges
(called entheses). Somehow one would expect that some kind of modification of a
basic dermal bone structure would have to account for these increases, irrespective
of distance to suture.
With access to the polyclonal architecture of the bone, we can assess the sutural
model. If the bone does indeed grow from the suture itself, then the polyclones
within the suture should extend into the adjacent bone. If however the polyclonal
architecture of the suture does not conform to this, then it cannot act as the principal
architect of new bone, and a new role must be posited for its existence. This is
explored in Chapter 14, where the PCA technique developed in the last Part reveals
the suture as a recipient of the cells from adjacent bones, rather than as a donor
of cells to to the bone. The dynamics underlying the peculiar structure of muscle
attachment regions are explored in Chapter 13.
7.4 Summary
Currently it is believed that the frontal and nasal bones grow in thickness by ap-
position, with cells deposited into matrix as the bone grows from the inside out.
The sutures are believed to be the principal generative regions, giving rise to the
rest of the bone. Kate Jordan Jordan [2011]; Jordan et al. [2015] and Sophia Gibbs
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(unpublished) have demonstrated that this is false, and that the bone grows in an
inflationary fashion, dependent on the invasion of cells from the outside Layers 1
and 3 and into the central spongy Layer 2. The key question to be addressed in this
thesis is how this invasion proceeds in three dimensions to shape the bone.
In Chapter 8 I shall present a protocol and initial analysis pipeline for obtaining the
full polyclonal architecture of a mammalian calvaria, through use of Wnt1-Confetti
to label all Cranial Neural Crest cells and thus the frontal and nasal bones [Matsuoka
et al., 2005].
In Chapter 9 I shall explore horizontal spreading of individual clones across single
layers, which are expressed as roughly circular ‘patches’ of cells. These patches
are observed to be roughly uniform in size across all three layers, but differ in ar-
rangement across the three layers. In Chapter 10 I shall explore the other mode of
elaboration and demonstrate that localised vertical invasion of mixed populations
between layers exists in a distributed fashion across all parts of the bone, but with
local organisation and patternation. This is accomplished by calculating the simi-
larity or difference of polyclonal mixtures in the different layers of single column of
bone, and repeating this process for every point across the entire sample.
In Chapter 11 I will demonstrate that vertical invasion is organised around the
centres of the horizontally defined patches, and thus explore polyclonal relationships
in three dimensions. This observation is used to propose that patch formation and
the vertical communication of cells between patches of different layers is the principal
generative process of bone development.
In Chapter 12 I will explore how these linked processes of horizontal spread and ver-
tical invasion are organised around an axis of biomineral development, and demon-
strate the changing dynamics of bone development as it matures. It is demonstrated
that there is a time course of development, with Layer 3 initially acting as the prin-
cipal donor of cells, and with Layer 1 taking over this generative role as the bone
matures.
Chapters 13 and 14 focus on the polyclonal architecture of functionally distinct
regions of the bone. In Chapter 13 the muscle attachment regions are examined,
and polyclones found to integrate muscle and tendon into bone. In Chapter 14 the
sutures shall be specifically assessed, and demonstrated to act as secondary buffers
between bones, rather than generative regions.
Chapter 15 discusses the novel patch-based model of bone development with respect
to clinical and evolutionary significance.
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Chapter 8
Obtaining Single Cell Resolution in Whole
Mammalian Calvaria
Jordan [2011] established that invasion, not apposition was the primary dynamic
of calvarial growth. However this was an observation effectively on a cellular level,
considering the dynamics of only a few cells in a section. It was not clear where in
the bone this might occur, or when. Clasps could represent continuous breaches for
cell invasion, or they could be transient structures arising from widespread invasion
events. There was no clear organ-scale organisation of development arising from
these critical observations.
Confetti labelling can provide context to the course of polyclonal expansions by de-
noting interlayer exchanges of cells, and charting the extent of population spreading
across a layer of bone. Utilisation of the Wnt1-Confetti mice described in the previ-
ous part allows for labelling of the neural crest population, and thus the frontal and
nasal bones. This is evidently a powerful tool, but as in Part I of this thesis, it is
mostly employed on sections, which cannot explore organisation of a whole organ,
or reliably explore dynamics both through the thickness of the bone and across the
expanse of the bone at the same time.
Whole-mounts are necessary to address such questions. This technique involves
preparation of large regions of tissue for in situ imaging, with minimal disruption
to the structure. A ‘true’ whole-mount might contain the entire organism, but the
preparation of large regions of tissue can also be considered a whole-mount. This
large sample would have to be imaged in its entirety and segmented into layers in
silico. Novel analysis techniques would be necessary to interpret the information of
the hundreds of thousands of cells contained. The sample preparation, imaging and
principal data sources are described here.
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8.1 Methods
8.1.1 Choice of Clearing Method
Wnt1-Confetti mice Dissection of mice for calvarial whole-mounting is described in
Appendix A.2. A key problem in microscopy with whole mounts is the attenuation
of light by translucent tissue: light is reflected, absorbed or refracted by the tissue
such that less reaches the subject and returns to the observer. This is negligible in
a section, but the principle limiting factor in thicker samples. Some form of clearing
was thus necessary to increase the translucency of the tissue, and allow access to
deep bone. Several methods were attempted, and SeeDB [Ke et al., 2013] eventually
used.
The depth to which microscopy can penetrate tissue is dependent on the opacity
and light-scattering properties of the sample. Numerous methods have been de-
veloped to render tissue more translucent and accessible to microscopy. These are
collectively known as ‘clearing’ as they render the tissue glassy and transparent. In
most tissue the majority of light scattering occurs due to refraction at water-lipid
interfaces within the sample, and it is this effect that is diminished in cleared sam-
ple, usually by the replacement of water with solutions that have a refractive index
closer to that of the solid tissue, or by gentle removal of lipid bilayers. In bone,
collagen and hydroxyapatite anisotropy create significant autoreflection and thus
poor visibility through bony matrix. An ideal clearing protocol will render the sam-
ple completely transparent while preserving tissue structure, protein localisation,
fluorescent protein activity and accomplish all this within an acceptable period of
time.
‘Clearing’ has recently and incorrectly become recently synonymous with ‘CLAR-
ITY’, which has been proposed as an ideal solution for neuroscience experiments
[Chung et al., 2013]. This method relies on electrophoresis to remove lipids from
the sample, which is fixed in a hydrogel. This preserves fine cell morphology as well
as protein fluorescence and antibody accessibility. The method however is complex
and requires the construction of not only specialist equipment but also a number of
hazardous reagents. While the challenges that CLARITY has been developed to ad-
dress are pertinent to neuroscience, the preservation of long fine neuronal processes
was not a concern in this study, and so more simple alternatives were explored.
BABB (Benzyl Alcohol/Benzyl Benzoate) treatment is a common method of per-
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forming clearing [Kay and Peng, 1992; Dent et al., 1989]. This procedure requires
dehydration in ethanol, followed by incubation in hexane and finally in the BABB
mixture. Hexane and BABB are hazardous. As the BABB mixture dissolves plas-
tic, glassware must be used, and given that an inverted microscope was to be used,
mounting in BABB presents a risk to the equipment. Furthermore, BABB treat-
ment results in significant shrinkage and thus perturbation of the tissue [Ke et al.,
2013]. While efficacious and reasonably expeditious, BABB clearing presents too
many risks to operator, equipment and sample integrity and cannot be considered
optimal. Chung et al. [2013] further criticise BABB and other similar clearing meth-
ods as promoting fluorophore quenching.
The Scale method uses various solutions containing urea, Triton X-100 and glycerol,
which work to match the refractive index of tissue [Hama et al., 2011]. This is
certainly a very simple and safe method, and good results are possible through
incubation in one or two solutions of different components. However, Scale works
very slowly. While clearing is ostensibly possible in a matter of days, samples may
take months of incubation to achieve acceptable results. Furthermore, the samples
are significantly expanded by the treatment, and protein is lost to a significant
degree [Ke et al., 2013; Chung et al., 2013]. This method was trialled for this study,
but no appreciable clearing was observed after two weeks: this may suggest that
Scale is not appropriate for clearing of developing dermal bones.
The clearing method used in this study is termed ‘SeeDB’, which is an abbreviation
of ‘See Deep Brain’ [Ke et al., 2013]. This relies upon incubation of the sample
in progressively more concentrated solutions of fructose in distilled water, until
equilibrium is reached with a maximally saturated solution which has a refractive
index close to that of fixed tissue. A low concentration of thioglycerol is also added
in order to prevent caramelisation by the Maillard Reaction. This method proved
acceptably efficacious at clearing calvarial samples. The procedure requires less
than a week, which corresponded well with our ability to image each sample. The
components of the solution were simple and did not represent significant hazards.
All of these factors made SeeDB the best available clearing method for this study.
The fixation and clearing protocol is described in Appendix A.2.1.
8.1.2 Microscopy
Imaging of such large samples is possible on most automated microscopes through
tiling, though inefficient. The software of the microscope used to capture these
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samples (Leica SP5) favours identically sized stacks in the same plane, forming a
complete square grid, with no automatic coordinate generation beyond this limited
facility. Therefore a work-around was developed that allowed for far more efficient
imaging by exclusion of non-sample stacks, and by staggering of rows of stacks in
the depth dimension, as described in Section A.6.1.
8.1.3 Initial Processing
The raw images produced contain discontinuities, noise and artefacts. These were
ameliorated through the pre-processing pipeline detailed in Appendix A.6.3. The
resulting images could then be stitched into complete sample-wide images, which
required further work-arounds described in Appendix A.6.2.
Finally, software was developed that allowed for the manual segmentation of these
cleaned and stitched samples into their constituent layers. This process is described
in Appendix A.6.4. In brief, lines are manually drawn into cross-sections of sample,
and sub-stacks generated containing only the parts of the sample which are sand-
wiched between two particular lines. The result is a set of stacks, each containing
only one layer of the sample.
8.1.4 Generation of Maps from Stacks
Sample-wide stacks are large and unwieldy, each exceeding 30 Gigabytes. While
the limitation will doubtlessly seem quaint within a short few years, a current high
end lab desktop computer or laptop will barely be able to read half of this into
memory before failing. This size is only multiplied by segregation of layers, as each
layer occupies a separate stack of the same size as the original. However, this study
focusses mostly on differences across layers, and differences between layers, rather
than on dynamics of overlying cells within a single layer. As such, these stacks can
be flattened to give ‘maps’: two-dimensional representations of the original three
dimensional sample that rank on the order of Megabytes, dispense with unnecessary
information and preserve the critical information of the original sample.
Two principle maps form the basis of the rest of the analysis of this Part. The
technical detail of their generation is described in detail in Appendix A.7. The first
required operation is to dispense with the Z-dimension of each layer, and dispense
with differences in labelling. We are only interested in whether a voxel (a pixel
in three dimensions) contains part of a cell or not, and we are only interested in
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where these voxels are across the plane of the skull. and not where they lie within
the thickness of the layer. The same thresholding volume-based approach is used
as in the PCA of Part I to remove labelling differences: a manual threshold is set
to exclude non-labelled voxels and include all labelled voxels. A specialised form
of Z-Projection is then performed, giving a map of the total voxels in a particular
point of X and Y that are occupied by cells of each confetti colour. This outwardly
resembles a simple Z-Projection with visible cells, and so is termed a ‘Flattened Cell
Map’. A by-product of this is a map of Layer Thickness, which will be presented
and utilised in Chapter 12.
The second basic map is generated from a specialised blur of the Flattened Cell
Map. While a human can perceive the density of cells within a certain area, our
intuitive ability to do so hides complex subconscious abstraction. In order to allow
the computer to perceive the density of labelling, the number of occupied voxels
around a point must be convolved into that point: the literal description of a ‘blur’.
The ‘Blur Map’ convolves the population around a single point into a single value
for each colour channel and point within the sample. This represents the mixture of
colours around that point. A Gaussian kernel is used, with a 23µm radius. Given
the size of cells within the calvaria, this means that each pixel of the blur map
represents the colour mixture of dozens of cells. The key difference between this
and a normal Gaussian blur is that the original volume of the layer is taken into
account. The result is thus a measure of the degree of occupancy of the 3D space
by labelled cellular material. .
These two maps form the root of all further analysis: the Flattened Cell Map
contains all of the pertinent information about the shape, position and size of cells
in each layer, but but discarding the vertical position of each voxel within that layer.
This allows for further analysis where the actual original cells are required, such as
estimation of cell number or visual observation of morphological differences. The
blurred maps on the other hand go further into abstraction, creating a more machine-
readable format of small regional colour information, from which the boundaries of
groups of cells within the same layer can be detected, presented in 9, and mixtures
of cells compared as in 10.
8.1.5 Estimation of Cell Number per Layer
The method for estimating the number of cells is described in Appendix A.8.1. In
brief, estimates were made of the average volume of individual cells of each colour
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from measurement of 40 cells. The total number of occupied voxels in each layer was
then divided by these conversion factors to give the estimate of the total number of
labelled cells.
Figure 8.1: Estimated Proportions of Confetti Colours For the two
samples, the estimated counts of confetti cells of each colour, in each layer.
Numbers at the top of each bar represents the total number of cells within that
layer.
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8.2 Results
8.2.1 Anatomical Map and Landmarks
Figure 8.2 shows the anatomicals map of the samples used. Note that unusually,
both samples possess an interfrontal bone, a deviation from the canonical pattern
of bones in mice and mammals in general. This trait is common amongst the ge-
netic background of Confetti Mice, C57BL [Johnson, 1976]. Its presence allows for
examination of dynamics around a notionally ‘ectopic’ bone. If it has no apparent
differences in its polyclonal architecture compared to other bones, then this will
demonstrate evidence against the sutural model of growth, as a far more parsi-
monious explanation will be that sutures arise secondarily between any developing
bones. This is explored in detail in Chapter 14.
8.2.2 The Four Confetti Colours are present in different
proportions
The relative proportions of the four confetti colour markers across all layers and two
samples was remarkably consistent (Figure 8.1). This is most likely explained by
the mixing of the populations across the three layers. Were no mixing to occur, one
might expect each layer to develop a relatively distinct colour profile as individual
polyclones differentially expand. However, as this evidently does not lead to an
appreciable difference in overall colour proportions, a method of communicating
these regional changes across the three layers of the bone must be anticipated.
The absolute numbers of cells are stated for perspective only, as the two samples
had different areas and thicknesses. The noticeably different trend across the two
samples implies that there are differences that may arise from the biology of the
sample, such as randomly incomplete labelling or a staggeringly large difference
in cell number between two samples, but the differences more likely arise from
differences in dissection, the method of cell count estimation, efficacy of sample
clearing and reliability of imaging. This difference demonstrates the need for careful
normalisation and interpretation of only relevant biological statements arising from
the data.
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Figure 8.3, 8.4 and 8.5: Flattened Cell Map Of Sample A, Layer 1, 2 and
3 respectively. Boundaries from 8.2 are displayed as lighter stripes in Figure 8.3.
There is an apparent dense organisation of cells along sutures, with similar colours
replicated along the extent of the suture (white arrows). Muscle attachment regions
appear as islands of distinct colour, mostly defining Layers 1 and 2 (blue arrows).
There are definite differences in the dominance of colours at different points of the
bone, penetrating all layers but all parts are mixed, suggesting a means of vertical
mixing as well as horizontal spreading of polyclones.
Figure 8.6, 8.7 and 8.8: Flattened Cell Map Of Sample B, Layer 1,2 and 3
respectively. Boundaries from 8.2 are displayed as lighter stripes in Figure 8.6. As
in Sample A, sutures are cell dense in all layers (white arrows), and entheses appear
as isolated islands of colour (blue arrows). There is a very distinct exclusion of the
abundant cyan cells from sutures (red arrows), which suggests that these cells do
not arise from the suture, in violation of the sutural model of dermal bone growth.
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8.2.3 Single Cell Maps of Whole Calvaria
Figures 8.3 to 8.8 show the flattened cell maps of each layer in both samples. There
are several noteworthy oddities even from casual inspection of these deep data
sources. Sutures appear to be cell dense, but also appear to exclude polyclones
within the bones (Figures 8.6-8.8, blue arrows). This conflicts with the sutural
model of dermal bone growth, which insists that these cyan cells must have origi-
nated within the suture. Instead, the sutures appear distinct from the bones. This
is explored in detail in Chapter 14. Muscle attachment regions also appear quite
distinct from surrounding bone, and are discussed in Chapter 13.
It is clear that there is similarity of colour between overlapping bone, and that single
colours can extend out to dominate a region. This implies that cells can both spread
across their own layer horizontal (discussed in Chapter 9) and move between layers
(discussed in Chapter 10).
8.2.4 Maps of Cell Density in Whole Calvaria
Figures 8.9 to 8.14 represent the Blur Maps as described previously. While these are
principally for the purpose of enabling computer analysis of polyclonal populations
over an area, the human eye can still discern some useful information from them.
It is clearer from these maps than the previous that polyclones extend through the
different layers of the bones. This implies vertical invasion between different layers.
The true value of these maps is that information about the colours of many cells has
been integrated into each pixel, allowing for comparison of cell mixtures in different
Layers, and thus the invasive behaviour at each point. This is performed in Chapter
10.
The blur maps appear to contain many ‘blobs’ of different colours, implying grouping
of cells. This represents the spreading of single colours over an area. These are
explored in the next chapter.
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Figures 8.9, 8.10 and 8.11: Blur Maps Of Sample A, Layer 1, 2 and 3
respectively. The cell landscape of the Flattened Cell Maps has been encoded as
blurred maps of cellular density. This integrates the mixed polyclonal identity of
the surrounding cells into each pixel. It is notable that the same labelling colours
appear to penetrate all three layers, such as the red labelling at the red arrows, and
the cyan labelling at the cyan arrows. This heavily implies invasion between layers.
Figures 8.12, 8.13 and 8.14: Blur Maps Of Sample B, Layer 1, 2 and 3
respectively. The cell landscape of the Flattened Cell Maps has been encoded as
blurred maps of cellular density. This integrates the mixed polyclonal identity of
the surrounding cells into each pixel. As in the Blur Maps of Sample A, there is
penetration of labelling colours between Layers. Strikingly, cyan cells appear to be
tightly excluded from the suture (red arrow in Fig. 8.12). Cell density is not even
across layers: at the white arrows in each point to the same spot, yet where cells
are dense in Layer 1, they are sparser in Layer 2 and almost absent in Layer 3.
134
F
ig
u
re
8
.1
2
:
B
lu
r
M
a
p
O
f
S
a
m
p
le
B
,
L
a
y
e
r
1
.
-
C
a
p
ti
o
n
o
n
pa
ge
1
3
4
135
F
ig
u
re
8
.1
3
:
B
lu
r
M
a
p
O
f
S
a
m
p
le
B
,
L
a
y
e
r
2
.
-
C
a
p
ti
o
n
o
n
pa
ge
1
3
4
136
F
ig
u
re
8
.1
4
:
B
lu
r
M
a
p
O
f
S
a
m
p
le
B
,
L
a
y
e
r
3
.
-
C
a
p
ti
o
n
o
n
pa
ge
1
3
4
137
8.3 Summary - Maps of Confetti labelled cells within
Layers show no evidence of sutural growth
The maps of Figures 8.3 - 8.8 do not immediately suggest sutural growth: there
is no apparent special organisation of cell colours emanating from sutures. These
maps and the cell density Blur Maps in Figures 8.9 - reffig:B-L3-blur show that
sutures are privileged regions with high density, distinct morphology and potential
organisation, but this is not interpretable just on the basis of naive interpretation
of maps. Strikingly, colours seem to be transmitted across layers, suggestive of an
invasive mechanism,as predicted by Jordan [2011] and Jordan et al. [2015].
The key impression is one of complexity, requiring further analysis. This is an
unprecedented approach to this question within mammals: without a whole-mount
approach such as this, the apparent complexity of the global population would be
entirely lost. The approach shall be to attempt to identify means by which cells can
move around the sample, and then to explore whether these methods of movement
are spatially linked into a three dimensional program of elaboration.
First, I shall analyse polyclonal groups of cells within the plane of each Layer, in
the next Chapter. In Chapter 10 I will then look at how cell populations may
move between layers. I will attempt to explore the relationship between these two
processes in Chapter 11, and then compare this to biomineral thickness in Chapter
12. The apparent islands of muscle attachment regions will be addressed in Chapter
13, and the question of organisation around sutures will be addressed in Chapter
14.
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Chapter 9
Mapping Horizontal Spreading of Single
Presumptive Clones in the layers of Dermal
Bone
9.1 Introduction
A cell that is sitting in a layer of the skull can move in two manners: either it can
traverse the layer it is in horizontally, or it can move into another layer by vertical
invasion. This chapter explores the dynamics of cells spreading across their existing
layers.
The active growth of a developing organ requires cell division and movement to
establish structures. In a planar structure such as a calvarial bone, the simplest way
a group of cells can divide and spread out is radially, as this requires no additional
directional impetus. This creates a characteristic pattern of cell density, as if cells
are moving out from a central division point, then that point is likely to be the most
dense as cells are expanding to cover an ever greater area (Figure 9.1). This motion
need not be an active migration, as an apparent spreading of cells may arise as a
function of cell division or invasion centred on a point.
By detecting and examining these patterns one can infer the degree of lateral spread
of each group of cells, as well as consider other dynamics within each group. The
area covered by a group demonstrates degree of lateral spread, thickness of Layer 2
demonstrates bone maturity, and changes in cell density demonstrate proliferation
or invasion. These three factors can be compared to obtain an impression of how
the skull develops.
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The organisation and shape of these patterns gives valuable information about how
the skull develops. Roughly circular patches would suggest that all points of the skull
are undergoing cell division and spreading laterally in all directions, while stripes
of contiguous colour would suggest a linear growth front. The latter would be
consistent with the sutural model of growth, while the former would be antithetical
to this model.
In order to map the extent of individual presumptive clones across each layer, the
Blur Maps presented in the last Chapter were segmented by watershed analysis.
This captures the shape of groups of cells based upon their local density. These
patches can then be used as the basis for further analysis.
9.2 Methods
The methods for this Chapter are described in detail in Appendix A.8. In brief,
the Blur Maps described in Chapter 8 are a representation of cell density encoded
as image pixel intensity. These can be interpreted into regions of density by water-
shed segmentation, which groups all pixels into ‘patches’ around a local maxima of
intensity. This was performed for each layer, channel and sample, to give a set of
‘Patch Maps’. Each patch thus represents a group of cells of the same colour.
Software was developed to allow for data collection from patches. Patch area and
Cell Density were tabulated for each patch. The method for estimation of cell
density is described in Appendix A.8.1, and in brief relies upon using the average
cell volume and tabulating the total number of occupied voxels within the patch.
These values were then presented with R [R Core Team, 2013].
Furthermore, a means of visualising the density of patches themselves was developed,
described in detail in Appendix A.8. This represents the number of patches within
an area as a colour, allowing for the interpretation of how patches are organised in
different layers.
140
Figure 9.1: Conceptual basis of lateral spread leading to cell density
loss The blue and red circles contain the same number of cells. Lateral spread is
occurring from the centre of the blue circle (red arrows). The red circle has a far
greater area, resulting in a far lower density.
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9.3 Results
9.3.1 Early Confetti Labelling is Very Mixed
Figure 9.2 shows the nascent frontal bone at E14.5, before the development of a
true layer 2. Layers 1 and 3 are present as sinuous flattened layers, with little colour
consistency and no apparent communication of cells between the two layers. This
demonstrates the starting condition for the development of patterns in the Confetti
labelled calvaria. Organisation that evolves from this must be dependent on cell
proliferation, invasion and migration.
9.3.2 Watershedding of blur maps reveals cryptic presumptively
clonal patches
An example of a small region of patch watershed segmentation is shown in Figure
9.3. The green GFP-labelled cells of 9.3A can be blurred to give the blur map of
9.3B, which can be segmented by watershedding. The boundaries produced group
the original cells into groups based on diminishing density towards their periphery.
This demonstrates the general principle of the Patch Maps.
9.3.3 Example Patch Maps show organisation within the Bone,
and a generally homogenous morphology
The full set of Yellow cell patch maps is displayed in Figures 9.4-9.9, which are
broadly representative of the maps of all cell colours, though differences shall be
discussed in later Chapters. Remarkably, there is very little visual difference between
each layer, suggesting that vertical invasion perhaps synchronises growth across all
three layers, which is explored in Chapter 10.
Most patches are roughly circular or rectangular. There is certainly no linear pat-
terning of patches around sutures. This suggests that local spreading of cells in a
non-directional fashion, as illustrated in 9.1 is the principal mode of cellular spread,
and not linear growth from fronts.
Yellow patches do not appear to observe sutures. This topic is explored in detail
in Chapter 14. There may be a degree of intermediate scale organisation, as many
patches appear to align along cryptic boundaries that run for millimetres (Figures
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9.4-9.9, between arrows of identical colour). This suggests a degree of developmental
segregation above the level of individual patches, but below the level of the large
bones. More importantly, there is no apparent gradient of patch size or orientation
of patch shape towards or around patches. Therefore, there is no support for the
suture model of growth in the patch map.
There is apparent long-range segregation of patches along cryptic lines, highlighted
by arrows in the maps. Patches seem confined to certain regions with no apparent
anatomical significance. This suggests an intermediate degree of cryptic modularity,
between the level of the patches and the dermal bones themselves. This perhaps
explains the appearance of the interfrontal bone in some animals and not others: it
may only be present as a cryptic polyclonal boundary in some animals, and expressed
as a genuine bone in others.
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Figure 9.3: Example of Patch Segmentation. The green objects are GFP-
labelled cells, while the patches that are identified within the population are shown
in red. The lines represent the outer margins of each patch, and the red squares
represent the geometric centroids. Outlined regions with no square are thus gaps
between patches. A: A region of GFP labelled cells from the Frontal Bone of Sample
A, Layer 1. This is a complex structure that is not easy for humans to interpret.
B: The same region in the Colour Map reveals local maxima and minima of cell
density, with clear demarkations that can be interpreted into patches. C: The
patches overlaid with the cells gives context to what previously appeared to be a
disorganised assortment.
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Figures 9.4, 9.5 and 9.6: Yellow Patches of Sample A in Layers 1, 2 and
3 respectively. In each, the yellow cells appear to form roughly circular or rect-
angular patches. There is little apparent difference between each layer, suggesting
a broadly homogenous distribution, though this is examined more quantitatively in
Figures 9.10-9.12 and Figures 9.16-9.17. There is no apparent organisation around
sutures, neither in the appearance of patches near where sutures are found, nor in
terms of the general population’s arrangement. There do appear to be long-range
boundaries that are defined by aligned borders of patches over large distances, shown
between arrow points of different colours, representing cooperative segregation of
patches into different cryptic regions.
Figure 9.7, 9.8 and 9.9: Yellow Patchesof Sample B, in Layers 1, 2 and
3 respectively. As in Sample A, patches have a similar predominantly circular or
square appearance. There is again no apparent gradient or organisation relative to
sutures, which are effectively invisible (see Figure 8.2). There are however apparent
long-range lines of patch segregation as in Sample A, again shown between two
arrows of the same colour.
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9.3.4 Patch Density maps reveal differences between layers
Figures 9.10-9.15 show the geometric density of patches of any colour within a circle
of area 1.79 mm2. Layer 1 shows remarkable homogeneity, suggesting fairly uniform
patch distribution regardless of position. It is notably the most dense layer within
the interfrontal bone. Layer 2 has maxima close to sutures, and above the eye which
is a muscle attachment region. Layer 3 has the most patches in the posterior frontal
bone, where the bone is also the thinnest (Figs. 12.1 and 12.2). This suggests that
each layer behaves slightly differently in different stages of bone development.
These observations contradict the initial assessment of homogeneity described above.
This demonstrates the importance of approaching this data with novel quantitative
tools, as this reveals aspects of development that are hard to perceive independently.
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Figure 9.10, 9.11 and 9.12: Yellow Patches of Sample A in Layers 1, 2 and
3 respectively. Density of all patches within of Sample A as evaluated by overlap
with a circle of 1.79 mm2. While Layers 2 and 3 have more patches concentrated
in certain points (black arrows), Layer 1 is relatively homogenous, without such
conspicuous condensations of density. It is notable that the interfrontal bone (white
arrow) appears as a microcosm of pattern the larger bones, suggesting that it is
enacting the same developmental program on a smaller scale.
Figure 9.13, 9.14 and 9.15: Yellow Patches of Sample B in Layers 1, 2 and
3 respectively. Density of all patches within of Sample B as evaluated by overlap
with a circle of 1.79 mm2. Layer 1 does have some greater foci of patch density
in this Sample, though not as extensively as in Layer 2. Across both samples it
is notable how there is actually a heterogeneity, though this does not appear to
spatially conform to sutures. Again the interfrontal bone (black arrow) appears as
a microcosm of the larger pattern, with increased patch density at the centre and
diminished density at the edges, even where intersecting with other bones.
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9.3.5 Patch area is relatively constant between Layers and
Samples, while Cell Density distribution varies across layers.
Area is broadly consistent between each Layer and sample, averaging just over
20,000µm 2 (Figure 9.16). Layer 1 Patches are indeed slightly larger in Sample
B than all other sets, though this could be due to some erroneously large ‘false
negatives’ where several patches are read as one. Regardless, the actual magnitude
of this statistically detectable difference is small within the range of patch sizes.
This implies that horizontal spread is largely equal across layers and patches, and
furthermore suggests that some process integrates patches across layers, preserving
their extents within a small range.
Conversely, there are strong differences between the layers and between the samples
with respect to distribution of cell density (Figure 9.17). Note that this plot rep-
resents normalised density within each layer. This does not imply that Layer 1 is
distinctly more dense than Layer 2, as such absolute comparisons can only be made
within a single colour, which is analysed in greater depth in Chapter 12. What this
does imply is that the majority of Layer 1 patches are closer to the peak density of
Layer 1 than the other Layers, while Layer 3 is largely a lot more cell-diffuse and
contains a small minority of very cell-dense patches. Layer 2 is intermediate between
the two, which may imply that an early Layer 2 is quite homogenously cell dense
like Layer 1, becoming progressively less cell dense as development of cell-sparse
matrix progresses.
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Figure 9.16: Patch Area is broadly consistent across all Layers and
Samples. In each Layer and Sample, there is little difference in the distribution of
Patch Areas. The only exception to this is that within Sample B Layer 1 Patches
are slightly larger than the other layers, though this statistically significant
differenceis not a large difference in magnitude. This demonstrates that Patch
horizontal extent is organised across all three layers. ∗∗∗p60.001, ∗∗p60.01,
∗p60.05, Student’s T-Test.
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Figure 9.17: Layer 3 has very few dense patches, Layer 2 has more, and
Layer 1 has the most Each boxplots represents the distribution of normalised
cell density, and thus only differences of distribution within the layer. More
patches in Layer 1 are closest to the most dense regions of Layer 1, while Layer 3
has a number of patches that are far more cell-dense than the generally more
diffuse majority. Layer 2 represents an intermediate between the two in both
samples. While not shown in the diagram due to clarity, all boxes are statistically
significantly different from one another, p60.05, Student’s T-Test.
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9.4 Summary: Potential Cryptic Modules revealed by
mapping Horizontal Presumptive Clonal Spread
In this chapter I set out to map the extent of single clones. The traditional sutural
model would suggest that clones radiate out from sutures in some manner. Instead,
I have demonstrated that presumptive clones adopt a patch-like arrangement, con-
sistent with simple clonal expansion at all points of the bone. These expansions are
further coordinated across all layers in a manner that is consistent between sam-
ples (Figure 9.16) while one measurable characteristic of the tissue, the cell density,
varies based on layer in a predictable fashion 9.17.
The immediately striking feature of these patches is the degree to which they resem-
ble both the tesserae of primitive heterostracan fish like Drepanaspis (Figure 9.18),
and the condition of the skulls in those aﬄicted with osteogenesis imperfecta 9.19,
wherein the skull is entirely comprised of small ectopic bones known as Wormian
bones. Both of these observations have deep consequences for evolution and de-
velopment, implying the persistence of tesserae as cryptic developmental modules
within even large dermal bones, as well as suggesting an underlying mechanism of
tesserae development as a consequence of laterally spreading polyclones. The degree
to which these patches correspond with other aspects of bone development, such as
thickness growth and cell invasion, will be explored in later Chapters to ascertain
their role in bone development.
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Figure 9.18: Drepanaspis sp. have patch like bony tiles between large
plates. Drepanaspis represents a very early The presence of these small plates,
known as tesserae in between large bones suggests that small bony tiles represent a
primitive condition of dermal bone development. From Gaskell [1908], public
domain. A - anus, E - eye.
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Figure 9.19: The extreme Wormian bone condition in Osteogenesis
Imperfecta. Huge numbers of Wormian bones are visible in this individual, in a
manner that is highly reminiscent of patches. In parts of the skull larger bones are
visible, showing that this condition arises as a result of local dynamics and not as
an unavoidable consequence of a global genetic mutation. From Vrolik [1849].
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Chapter 10
Mapping Vertical Invasion between the
Layers of the Calvaria
10.1 Introduction
The general approach to genetic lineage analysis in the past has been limited to either
single cells [Livet et al., 2007] or to studies of groups of effectively static unmixed
patches [Snippert et al., 2010; Rinkevich et al., 2011; Schepers et al., 2012]. Dynamic
systems that undergo significant mixture and migration create problems for casual
analysis and to date there are no tools to easily extricate information from these
mixed lineages.
While the PCA based approach described in Chapter 5 is useful for small-scale
observations, it is inappropriate on a large scale. PCA interprets variation, and
thus assumes that important differences will occur along the same axes of variation.
This is not the case in a random lineage labelling, and thus it can only be of use
in classifying a few different mixtures of cells. However, the principle of mapping
points into a new ’colour space’ is valuable, and can form the basis of a new suite
of analysis tools and approaches.
The method developed utilises a multi-dimensional distance approach to give a
measure of how similar two populations are, which can then be considered relative
to other populations. This was used to quantify the similarity of the three layers of
bone across the span of the samples. The resulting maps have certain features that
give insight to possibly important cross-layer structures and relationships. These
can be tabulated against Layer 2 thickness to give insight to the developmental
milestones outlined in summary of the previous chapter, and compared to other
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anatomical features as explored in later chapters. While this study examines only the
four colours arising from the Confetti construct, the general approach is applicable
to an arbitrary number of distinguishable reporters, and the software developed to
enact these procedures can handle any number of markers.
10.2 Method
Invasion between layers communicates the mixture of cell colours between layers,
as material of one polyclonal mixture is transferred vertically into a new layer.
Therefore the mixture of cells in overlying points in different layers can be compared
to estimate whether invasion may have taken place at this point. The technicalities
of this method are presented in Appendix A.9, and discussed in broader terms here.
The aim of this approach is to generate a metric wherein a larger numerical result
on an arbitrary scale denotes similarity of polyclonal mixture and a low numerical
result denotes either dissimilarity of present cells, or absence of cells. Blur maps
of each layer are compared, as each point of a Blur Map (described in Chapter 8)
contains the density of each cell colour in the local area around that point, and
thus also contains the polyclonal mixture identity of the surrounding population.
Comparison of the same point in maps of pairs of different layers thus gives a relative
value of ‘colour similarity’. A cartoon of this process is shown in Figure 10.1.
The actual metric of comparison is based upon the same principles as PCA in the last
Part, in that colour is used as four-dimensional space. However, to attempt to work
out the greatest axis of variation as in PCA is useless in such a large sample, as so
many different independent polyclonal mixtures exist that the global ‘colour space’
is saturated and uninterpretable. Rather, the relative euclidean distance between
two points of the sample mapped into this colour space are used as a measure of
their similarity.
The use of relative euclidean distance can be validated by stepwise approach to
the four colours of Confetti. If one were to compare three sets of cells of different
size but all of the same colour, one could say that the most similar two sets were
those of nearest abundance: a simple numerical difference, or more pedantically a
one-dimensional euclidian distance. If however two scales were present, and one
were attempting to compare three sets of cells with different mixtures of two colours
(say, red and green), then simple difference would not be possible. Rather, both
scales could be considered: both the difference in the abundance of red cells and the
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difference in the abundance of green cells. This defines a two-dimensional colour
space, in which the relative distance between different sets can be compared, simply
by using Pythagoras’ theorem to calculate two-dimensional euclidian distance. As
Pythagoras’ theorem can be generalised to any number of dimensions [Yeng et al.,
1990], this principle can be extended directly into the four dimensional colour space
defined by Confetti.
It is self-evident a lesser difference in polyclonal colour combination would thus be
encoded as a smaller difference. This is non-optimal, as it is similarity which should
be highlighted and not dissimilarity. For this reason, the resulting value is inverted.
This metric produces an impression of sharp, distinctive patterns when mapped out.
This is termed the ‘non-density encoded’ metric. However it also gives high values
for areas with few or no cells, as two points that share an absence of cells are indeed
similar. For this reason, a further metric was developed that convolved the total
cell density (i.e. image intensity across all four colour channels) to give the ‘density
encoded’ metric. The patterns of the former metric are still present, though less
distinct. For this reason the non-density metric is used to demonstrate patterns,
while the density-encoded metric is used for more strict analytical purposes.
This process can be performed for every corresponding pixel in a pair of Blur maps
and the values encoded as pixel intensity of ‘Matching Map’. This process was per-
formed for each pair of Layers in both samples. The different pairwise comparisons
were encoded as different colours: red represents the similarity of Layers 1 and 3,
Green the similarity of Layers 1 and 2 and Blue the similarity of Layers 2 and 3, as
summarised in Figure 10.3. This colour code is used throughout this thesis.
This represents an entirely novel approach to the interpretation of mixed lineage
samples. Through use of ‘Layer Matching’ and ‘Colour Similarity’ the likely sites of
invasion can be revealed, and identified relative to other characteristics of the bone,
such as distance from sutures and degree of bone development.
The more traditional sections of Wnt1-Confetti tissue shown in Figures 10.4 and
10.5 were sectioned and fixed, as described in Appendix A.2.
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Figure 10.2: The Principle of ‘Colour Distance’
A: Four different hypothetical populations of cells plotted relative to their
proportions of GFP and RFP cells. Intuitively, populations 2 and 3 can be
considered to be the most similar pair, as they are closest on the graph.
Furthermore, 2 and 3 are both closer to 1 than to 4. These distances can be
quantified with Pythagoras’ Theorem. This principle holds true regardless of the
number of colours (i.e. dimensions) used, with distance calculated by the
n-dimensional generalisation of Pythagoras’ Theorem.
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Figure 10.3: Colour Encoding of Layer Matching For the purposes of all
upcoming applications, a unified colour scheme is used to denote Layer Matching
between pairs of Layers. Red is used to denote the degree of colour matching
between Layers 1 and 3, Green similarity between Layers 1 and 2 and Blue
similarity between Layers 2 and 3.
10.3 Results
10.3.1 Invasion is polyclonal and can occur at specific points
Figures 10.4 and 10.5 show a sagittal section through an E18.5 Wnt1-Confetti frontal
bone. There are numerous apparent points of invasion, which appear to spread
polyclonal identity outwards. These are furthermore polyclonal, suggesting that
one must consider the mixed population of Confetti labelled cells when interpreting
invasion between layers.
10.3.2 Layer Matching Maps
The Layer matching maps for each sample are displayed in Figures 10.6 to 10.9.
Immediately it is evident that layer matching is a hugely heterogenous characteristic
across the bone, with organisation at the fine local level as well as the level of the
bone. Repeated patterns of nested circles of matching and linear arrangements
can be identified, which are discussed in the next subsections. These appear to
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be somewhat dependent upon position in the skull. The relationship between this
matching and a potential link to the thickness of the bone will be explored in Chapter
12.
As well as a general pattern of layer matching, there appear to be specialised regions.
At least one muscle attachment region appears to disrupt the surrounding pattern
of layer matching (Figures 10.6 and 10.7, yellow arrows), which will be explored in
detail in Chapter 13. Sutures appear to have a mostly white labelling, denoting
matching of all layers, though this will be explored further in Chapter 14 and the
upcoming subsection 10.3.4.
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Figure 10.6 and 10.7: Colour Matching of Sample A. 15µm map of colour
matching of Sample A, generated using the non-density encoded and density encoded
metrics respectively. Strikingly under both metrics, the sutures are labelled white,
suggesting matching between all three layers (white arrows).This could support the
idea that layers propagate from these points, but will have to be explored more
closely in Chapter 14 and Section 10.3.4. Regions in the centre of bones appear
mostly to contain matching between Layers 1 and 2 (green labelling, red arrows),
though at the posterior of the frontal bone this is not the case, and instead a
patchy red/blue labelling (matching to Layer 3) is present (cyan arrows). The
interfrontal bone represents a microcosm of the larger bones, explored in detail in
Figure 10.12. There is a large gap dominated by Layer 2 and 3 matching in (yellow
arrow) which represents a Muscle Attachment region, explored in detail in Chapter
13. Layer matching can be observed to adopt small circular patterns and nested
linear arrangements in both, but particularly in Figure 10.6.
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Figure 10.8 and 10.9: Colour Matching of Sample B. 15µm map of colour
matching of Sample B, generated using the non-density encoded and density encoded
metrics respectively. As in Sample A, sutures are labelled white (white arrows)
denoting matching across all layers at these points. Centres of bones are labelled
green (red arrows), suggesting that matching of Layers 1 and 2 is more generally
found in the centre of bone. Though again, towards the posterior of the bone (cyan
arrows) there is more complex arrangement of layer matching, including points of
all three colours and nesting of lines of colour, explored in Figures 10.10 and 10.11.
The interfrontal bone repeats the same arrangement as the larger frontal bones.
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10.3.3 Nested concentric points are visible across the samples
A common feature across these maps is a point of layer matching, surrounded by
rings of matching of other layers. Some examples are presented in 10.10. These are
be termed roundels, due to their concentric arrangement which is reminiscent of the
Royal Air Force roundel. These most likely represent individual points of vertical
invasion. These loci of invasion must be causing mixing across layers that preserves
polyclonal identities. These patterns are highly indicative of convection patterns.
10.3.4 Colour Matching resolves into lines
Another feature that is present on a larger scale is the observation of lines of match-
ing and non-matching. Some examples are presented in 10.11. Where large expand-
ing fronts of cells meet, there could be induced invasion as a form of size restriction.
Lines of non-matching could be due to interfaces of different patches, where the
blur would span two different populations and obtain a mixed reading that would
not match to related underlying patches. The latter possibility is evaluated later in
Chapter 11.
Sutures appear to have a complex arrangement of lines. At the core of the suture
this involves colour matching of all layers, suggesting a plane of cells of the same
lineage crossing all layer boundaries. Parallel to these are further lines of matching,
often between Layers 1 and 3, suggestive of the communication of cells between the
outermost layers around the edge of the bone. The greater degree of three-layer
matching within the sutures suggests that the non-layered mesenchyme within the
suture freely mixes without containing cryptic layers.
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Figure 10.10: Examples of Roundel Patterning. Within Layer Matching
Maps, concentrically nested patterns can be observed. Each represents a small
region from Sample B with a 30µm scale bar. A: commonly a small point of Layer
1 and 2 matching is found surrounded by a tight ring of 1 and 2 matching.B: Some
of these patterns show overlap, such as here where the right edge of the roundel’s
halo has colocalised three layer matching, displayed as white. C: The opposite
pattern can be observed, with a point of Layer 1 and 2 matching surrounded by a
ring of 1 and 3 matching. D: Complexes can be observed of several roundels. Here,
two points of matching of Layers 2 and 3 (blue) are surrounded each by rings of 1
and 2 matching, with Layer 1 and 3 matching found in a tight ring around both.
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Figure 10.11: Examples of Linear Patterning. Within Layer Matching
Maps, organised lines of common colour can be observed. Each represents a region
from Sample B. A: Lines in the centre of the frontal bone. A complex and
tortuous set of lines are visible across this region, often following the same routes,
suggestive of coordinated invasion across all three layers. Roundels are also visible,
which may simply represent microcosms of this linear organisation. Within these
regions, layer matching can be fairly homogenous, such as the large blue region to
the top left, indicative of Layer 2 and 3 matching. B: Intersection of the
frontonasal sutures and interfrontal bone’s sutures. The sutures (outlined in black)
contain lines of different colours, as well as three-layer matching denoted by white
regions. This is indicative of shared lineage around the perisutural envelope, and a
loss of layer segregation within the suture.
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Figure 10.12: Organised Layer matching in the Interfrontal Bones.
Caption overleaf
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10.3.5 The interfrontal bone displays a pattern of nested
development
The two ostensibly ectopic interfrontal bones display broadly similar patterns of
organised colour matching and thus invasion, shown in Figure 10.12. The sutures
display three layer matching and complex nested patterns, while the interior of the
bone is largely dominated by colour matching between Layers 1 and 2. This is
interspersed with points of Layer 2 and 3 matching, and nested roundels with Layer
1 and 3 matching on the exterior and 2 and 3 matching on the interior.
This broadly represents the main pattern of layer matching across both samples:
a largely Layer 1/2 match interspersed with features of the other Layers. This
may represent a preference between different invading streams at different stages of
biomineral development. This possibility will be explored in Chapter 12.
Figure 10.12 Organised Layer matching in the Interfrontal Bones. A&B:
The interfrontal bones of Samples A and B respectively, using the density-encoded
metric. This figure uses the same red/green/blue colour key as the previous maps.
Both samples display the same arrangement of layer matching. The bone is bordered
by lines of three-layer matching with complex nesting patterns (black arrows). The
interior is mostly defined by matching of Layers 1 and 2 (green). This is broken up
by sharply defined points of Layer 2 and 3 matching (blue arrows) or roundels of
Layer 1 and 3 matching (red) surrounding 2 and 3 matching (blue) at mostly poste-
rior points (orange arrows). At points there is apparent three layer matching within
the bone (purple arrows). Ultimately it is a landscape mostly of 1 and 2 matching
with interspersed points of apparent invasion between other layers, consistent with
Figure 10.4.
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10.4 Summary - Invasion between layers appears
organised
For the first time, we can map potential cell invasion in a whole organ consisting
of hundreds of thousand of cells based on mixed population identity. I observe
polyclonal invasion between layers (Figures 10.4 and 10.5) which can be mapped
across entire square centimetres of bone (Figures 10.6 to 10.9) to reveal organisation,
both around obvious structures such as sutures and the small interfrontal bone
(Figure 10.12) but also on the fine scale (Figures10.10 and 10.11).
Exactly what these points of invasion are organised around is entirely unaddressed
by the traditional sutural model: if the bones are defined by growth at the sutures,
there should be no mixing between layers further from the suture, let alone organised
nested invasions at points deep within the bone. Rather, the distributed nature of
these points appears to be mostly consistent with the broadly distributed patches
explored in the previous Chapter. The potential for correspondence between the
two will be explored in the next Chapter. Layer matching at Sutures will be further
discussed in Chapter 14.
This tool represents a powerful extension to the already significant advances detailed
in the first Part of this thesis. I have developed a means for the relative comparison
of polyclonal similarity in a manner that both produces striking visual represen-
tations of invasion, and provides a relative numerical measure which shall be used
in later Chapters as a quantitate measure of invasion. This elevates the utility of
clonal lineage labelling from one of subjective interpretation of simple presumptively
clonal patterns to quantitative interpretation of complex structures based on a more
reliable polyclonal mixture.
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Chapter 11
Expansion and Integration of Polyclones in
Three Dimensions
11.1 Introduction
In the previous two Chapters, I have presented maps of horizontal spreading gen-
erated by revealing patches of individual colours, and a map of vertical invasion
produced by observing cell mixture ‘colour matching’ between overlying points of
different layers. These two approaches are largely independent, as one relies on sin-
gle colours and the other looks at multiple colours. However, what is not currently
clear is whether horizontal spreading and vertical invasion are independent of one
another, or are linked processes.
Vertical invasion may correspond with horizontal spreading, or it may be indepen-
dent. This ‘correspondence’ may take many forms: vertical invasion could take
place mostly in patch centres, suggesting that polyclonal expansion occurs in an in-
tegrated fashion across different layers. It may take place mostly at patch borders,
suggesting that vertical invasion occurs where expanding fronts of cells meet, in the
same manner as tectonic plate subduction. Both processes may occur, forming a
simple convection pattern.
The correspondences between the patches of different layers and the map vertical
invasion of different pairwise layers (e.g. Layer 1 and 3 Matching) can be assessed
separately, and are likely to differ. For example, there is no reason why invasion
between Layers 2 and 3 might affect Layer 1.
For this reason a metric was developed to allow for comparison of patch correspon-
dence to layer matching. In brief this works by ascribing a value to the degree of
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Figure 11.1: Diagram of Edge Centroid Metric Results. This
demonstrates the relevance of certain values calculated by the Edge Centroid
Metric. A: Where layer matching (green) is high at the patch centroid (red
square) and low along patch edges (red line), the ECM will be positive. B: Where
there is no particular relationship between the patch and the layer matching, ECM
will be calculated as close to 0. While this diagram shows a general diffuse
equivalency of layer matching across the patch, a similar value could be achieved
by the presence of a pattern that does not align with the patch. C: Where layer
matching (green) is organised along the patch boundary (red line) and absent in
the patch centre (red square) ECM will be negative.
difference between layer matching at the centre and the edges, taking into account
the more general local degree of matching. The software developed previously was
extended to support this analysis.
11.2 Method
The ‘Edge Centroid Metric’ (ECM) was developed to assess the correspondence
between Layer Matching and Patches. The purpose of this metric is to give an
impression of how the edges of the patch compare to the centre of the patch with
respect to intensities stored in the layer matching maps. A large positive value
suggests greatest layer matching at patch centres, a large negative value suggests
greatest layer matching at patch edges, and a value close to 0 suggests an absence of
organisation between the patches and layer matching. This is summarised in Figure
11.1.
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The value at the centre is easily gained by simply finding the patch centroid and
logging the corresponding values of this point in the layer matching maps. The edges
were evaluated by taking a concentric ring of pixels around the inside of the patch
margins, and finding the average intensity of these pixels across the layer matching
maps.
This absolute difference is inappropriate for large scale analysis, as it will report
small differences between two large numbers as being equal to the same difference
between small numbers, when the latter is proportionately a far greater gradient.
Thus, values were weighted relative to the local degree of layer matching. This
was accomplished by dividing the difference between the centroids and edges by the
average intensity across the whole patch. This is described as the Edge-Centroid
Metric, formally stated as:
Edge Centroid Metric =
Centroid Intensity − Edge Intensity
Patch Intensity
The resulting values were tabulated in ImageJ/FIJI, and presented using graphical
functions within R. Additional illustrations were facilitated through an extension
to the plugin in ImageJ/FIJI, allowing the plotting of patch edges and centroids
for the figures in this chapter. The values were calculated for each patch and each
pairwise layer matching map, and an average taken for each layer.
11.3 Results
11.3.1 The Edge-Centroid Metric reveals correspondences
between patches and layer matching, which are confirmed
by observation
Figures 11.3 and 11.4 show the results of the Edge Centroid Metric analysis for both
samples. The meaning of these charts is best discussed in tandem with examples,
described in the following subsections. Trends can then be compared to the actual
correspondence between patches and layer matching in a region of representative
bone from Sample A, in order to verify the sample-wide findings. The region of
bone used is detailed in Figure 11.2.
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Figure 11.2: Region of Sample A for Edge-Centroid result verification.
Region of Sample A for Edge-Centroid result verification.
The white box shows the region represented in the following figures. This area spans
the frontal bone, and measures 2.2mm x 1.6 mm for a total area of 3.5mm2. This
region represents a good mixture of more developed bone towards the lateral and
anterior ends, and less developed bone closer to the posterior and medial aspects.
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Figure 11.3: Edge Centroid Results for Sample A. A: Matching between
Layers 1 and 3 has relatively strong localisation around Layer 1 patch centres and
intermediate localisation around Layer 2 and 3 patch centres. B: Matching
between Layers 1 and 2 is strongly associated with Layer 1 and 2 patch centres
and appears to have only a very weak relationship with Layer 3 patch centres. C:
Matching between Layers 2 and 3 is strongly localised to the centres of Layers 2
and 3, and has no relationship with Layer 1.
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Figure 11.4: Edge Centroid Results for Sample B. A: Layer 1 and 3 colour
matching is relatively strongly localised to the centres of Layer 1 and 3 patches,
while Layer 2 patch centres have a weaker relationship with this invasion. B:
Layer 1 and 2 colour matching is most strongly associated with Layer 1 patch
centres, and has an intermediate relationship with Layer 2 patch centres. Layer 3
appears to not have a relationship with this invasion. C: Layer 2 and 3 colour
matching is strongly localised to patch centres of Layers 2 and 3, and appears to
have no relationship with Layer 1.
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11.3.2 Invasion between Layers 2 and 3 occurs at the centres of
patches in both of these layers
Figures 11.3C and 11.4C suggest that matching between Layers 2 and 3 occurs at the
centres of patches in Layers 2 and 3. This is unambiguously supported by Figures
11.3C and 11.4C, which clearly demonstrate a strong tendency for the centroid to
have stronger Layer 2 and 3 matching than the edges. Layer 1 clearly has no strong
relationship with this invasion, as in both samples the average for this layer is close
to zero. As Layer 3 precedes Layer 2 in development, this suggests that cells from
Layer 3 migrate upwards mostly at patch centres, creating new patches in Layer 2
directly above themselves.
These sample-wide averages are verified by the region displayed in Figure 11.5,
wherein patches in Layers 2 and 3 (B and C) have centroids overlapping regions of
high intensity, and edges corresponding to regions of low intensity. Layer 1 patches
on the other hand do not appear to follow the pattern of layer matching at all,
demonstrating independence.
11.3.3 Invasion between Layers 1 and 2 occurs mostly at the
centres of Layer 1 Patches, and not always at Layer 2
patch centres
In both Figures 11.3B and 11.4B the order of the layers’ relationships to Layer 1
and 2 colour matching is preserved: Layer 1 has a very strong correlation, Layer 2 a
strong but weaker correlation and Layer 3 the weakest correlation. This implies that
invasion between Layers 1 and 2 occurs principally at Layer 1 patch centres, but not
as strongly at Layer 2 patch centres. The weak or nearly absent association with
Layer 3 suggests that this Layer does not define points of Layer 1 and 2 invasion,
or that where there is an association it is secondary, due to close invasion through
multiple layers.
Figure 11.6 demonstrates why Layer 1 appears to correspond best with respect to
this form of layer matching. Where trabeculae are arranged into strips, small discon-
tinuities of matching correspond to Layer 1 boundaries and not Layer 2 boundaries.
This suggests that in this region invasion is principally from Layer 1 into 2, rather
than 2 into 1, as these discontinuities respect Layer 1 patch boundaries only.
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11.3.4 Invasion of cells between Layers 1 and 3 occurs mostly
through the centres of patches across all three layers.
Figures 11.3A and 11.4A show the largest discrepancy between the two samples.
In both, Layer 1 has a strong association with Layer 1 and 3 matching, suggesting
that invasion between these layers regardless of direction is centred on Layer 1 patch
centres. Layer 2 has the weakest, though this is still relatively strong, suggesting
that invasion between the outermost layers does contribute to some but not all
patches within Layer 2, or at least is inhibited where polyclones interface with
their neighbours within Layer 2. The association with Layer 3 is quite remarkably
different. In Sample B (Fig. 11.4A) the correlation to this match equals or exceeds
the strong association of Layer 1, while in Sample A (Fig. 11.3A) it is approximately
equal to the weaker association of Layer 2. This suggests that while Layer 1 patches
are still centred around points of communication late in development, Layer 3 is
not.
Further investigation at the level of individual patches shown in Figure 11.7 pro-
vides insight into this phenomenon. In Sample A, several localised maxima of layer
matching exist within single Layer 1 patches, scatted around the centroid, while some
patches show single central points of matching. Meanwhile many Layer 3 patches
do seem to tightly define local maxima of matching, but other patches clearly have
no relationship with any form of Layer 1 and 3 communication.
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Figure 11.5: Correspondence of Patches to Colour Matching between
Layers 2 and 3. A: Correspondence with Layer 1 patches. There does not appear
to be any strong correlation, with maxima of matching found mostly within patches
but off-centre, or along edges. B: Correspondence with Layer 2 patches. There is a
strong correlation, with tight maxima of matching found at many patch centroids,
and narrow trenches of low matching found along patch edges. C: Correspondence
with Layer 3 patches. As with Layer 2 patches, there is a strong correspondence be-
tween Layer matching and patch structure. These three observations all correspond
with the predictions of the sample-wide analysis.
Figure 11.6: Correspondence of Patches to Colour Matching between
Layers 1 and 2. A: Correspondence with Layer 1 patches. While there is some
correspondence with local maxima in the more medial, posterior portion of this
region (top right), there is also very strong correlation between patch boundaries
and minima in the more developed lateral region, suggesting that Layer 1 patch
boundaries and invasion between Layers 1 and 2 affects architecture of trabeculation.
B: Correspondence with Layer 2 patches. Many layer 2 patches sharply define local
maxima at the centroid and minima at the edges, but in the more trabeculated
region these boundaries cross perpendicular to the linear arrangement of cellularised
regions. C: Correspondence with Layer 3 patches. Layer 3 patches do not appear
to have any particular relationship with Layer 1 and 2 matching. These three
observations all correspond with the predictions of the sample-wide analysis.
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Figure 11.7: Correspondence of Patches to Colour Matching between
Layers 1 and 3. A: Correspondence with Layer 1 patches. There is a reasonably
good correspondence between patch arrangement and layer matching, though many
maxima do not appear to be at patch centres. B: Correspondence with Layer 2
patches. There is good correspondence of patch borders to minima of layer matching,
but local maxima appear off-centre relative to Layer 2 patches. C: Correspondence
with Layer 3 patches. There are many patches that do correspond well with maxima
and minima of layer matching, but also many maxima that do not fall at the centre
of patches.
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11.3.5 Correspondence of Patch Shapes in different Layers, and of
different Reporter Colours
Each of these observations cannot stand entirely alone: the matching of patches
in any given layer to both of the other layers strongly suggests a match between
the two other layers. Overlaying the patches for one colour across all three layers
shows the correspondence between patches in different layers, as shown in Figure
11.8. Correspondence between the layers is not ubiquitous, but can be very strong
and exist cooperatively across several patches, particularly along patch edges. It
would appear that both outer layers have some points of strong correspondence with
Layer 2, but collectively they do not match well with one another (Fig. 11.8C). This
suggests that while single routes of invasion are important for linking Layers 1 and
3, there is a more generalised diffusion of cells between adjacent layers, leading to
better patch correspondence.
Similarly, given that growth is polyclonal and layer matching incorporates all four
Confetti labels into one metric, it must be assumed that patches of different colours
must correspond within the same layer. This is explored in Figure 11.9, where
patches can be observed to overlap in many but not all areas. This shows that
it is not only vertical invasion which is polyclonal, but also lateral spread, further
suggesting a passive spread of groups of cells due to localised points of division or
invasion, rather than a simple unmixed clonal ‘jigsaw’ pattern.
11.4 Summary - Invasion between layers is largely
organised to patch centres, and part of a three
dimensional polyclonal spread
Vertical invasion and horizontal spread clearly are integrated into a three dimen-
sional pattern of polyclonal proliferation. The nature of these associations, when
partnered with the observations about layer invasion in previous chapters, suggests
an ontogeny wherein Layer 3 colonises Layer 2 independently of Layer 1, Layer 1
contributes to Layer 2 mostly independently of Layer 3 patches, and communication
between the outer layers leads to colour integration across all three layers.
The localisation of layer matching to patch centroids strongly suggests an integration
of vertical invasion and then horizontal spreading outwards from points of invasion.
This horizontal spreading is polyclonal in nature as evidenced by Figure 11.9 and in
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Figure 11.8: Patches of different layers share geometry when linked by
vertical invasion. A: Layer 1 and 2 matching (green) at the centre of both Layer
1 (magenta) and Layer 2 (yellow) patches allows correspondence of patch shape
across both layers (cyan arrow). B: Several patches can be linked by invasion into
one overlying patch. Here several Layer 3 patches (cyan, green arrows) sit within
the same Layer 2 patch (yellow). Very strong correspondence can be found
between the borders of patches in different layers, suggesting a level of
organisation across many patches (red arrows)C: Layer 1 (magenta) and Layer 3
(cyan) patches do not share strong relationships of geometry in the same manner
that each does to Layer 2.
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Figure 11.9: Patches of different label colours share geometry. Layer 1
cyan and red labelled patches are shown. Patch borders correspond very well along
large distances (yellow arrows). Patches can also have remarkaby similar centroids
and outlines (magenta arrows). This is not shown across all patches, suggesting
that there are some regions where these two colours are co-migrating, and others
where they are not.
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certain points is coordinated to the extent that near identical patch geometry can
be observed in different layers (Fig. 11.8).
The general inhibition of layer matching at patch boundaries suggests either that
vertical migration is inhibited along these lines or that layer matching from shared
origins is reduced at interfaces by differential mixing between patches in different
layers. The latter is a more parsimonious explanation of this phenomenon, as it is
reliant only upon two cell fronts migrating into one another which must happen as
a consequence of growth, and does not require additional layers of regulation.
The presence of matching in some contexts and non-matching in other implies that
the spatial relationships between the layers are shifting and plastic. From this we
must conclude that while patches influence other layers where there is invasion, the
shifting of the patch landscape does remove these links. This will only truly be
elucidated by live imaging, however this is sufficient to conclude that the former
interpretation of the bone as a static deposited structure must be rejected, and its
true dynamic nature recognised.
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Chapter 12
Integrated Three Dimensional Clonal
Expansion Predicts Bone Biomineral
Thickness Growth
12.1 Introduction
Thus far in this Part we have considered independent approaches to evaluating
horizontal clonal spread and vertical invasion, and shown that these are spatially
linked with one another. In this chapter, I shall explore to what degree these
dynamics are related to the growth of bone thickness.
The biomineral of bone is deposited in Layer 2, and thus measurements of the thick-
ness of this layer can be used as a proxy for the maturation of bone. Conventional
wisdom would suggest that if bones are specified entirely by the sutures and by in-
dividual osteogenic centres, there would be some form of organisation around these
structures. If this is not the case, then organisation of thickness growth around
patches may present a better explanation.
Regardless of how thickness develops across the expanse of the skull, its progress is of
central importance to the resulting skull. All species have thinner and thicker regions
of the skull, facilitating mechanical plasticity in response to stresses of particular
diets or restrictive environments, or to accommodate changes in the brain. The
capacity to make fine-scale changes to thickness necessitates some form of modularity
within the large dermal bones.
In this chapter I shall present maps of the thickness of Layer 2 biomineral and
demonstrate that they do not support a sutural model of thickness growth organ-
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isation. I shall then present data showing how vertical invasion between layers is
predictive of different ranges of biomineral thickness, and show the relationship of
thickness to patch area and cellularity. This shall be used as the basis for a novel
model of bone development based on patches.
12.2 Methods
The novel data of this chapter is the Thickness Map, though this is in fact a by-
product of the maps generated in Chapter 8. This is simply a readout of the thickness
of the layer, manually defined during the segmentation process for a grid of pixels
and interpolated in between these points. Each pixel contains the number of voxels
that were assigned to that layer, which can then be multiplied by the step taken
between each Z-section while imaging to get a true thickness. While Thickness Maps
can be generated for any Layer, only Layer 2 is presented here as this represents the
key region for biomineral thickness growth.
A new metric arising from these maps is the Average L2 Patch Thickness. Each
patch defines an area of the sample in reference to other layers: one can identify the
area of Layer 2 that lies underneath a Layer 1 patch, or the area of Layer 2 that
lies above a Layer 3 patch. The Average L2 Patch Thickness represents the average
thickness of Layer 2 within the area defined by any patch.
This metric is defined for each patch and can be compared with the two metrics
calculated for each patch within Chapter 8: the area of the patch, and the cell
density of the patch. It should be noted that the cell density is defined only for the
colour of cells that comprise that particular patch. Cell density can be normalised
to correct for the differing proportions of Confetti recombinants: this is done for
each colour, within each layer.
All plots and graphs are generated within R using Ggplot2 [R Core Team, 2013;
Wickham, 2009].
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12.3 Results
12.3.1 Layer 2 Thickness Maps do not support sutural definition
of thickness growth
The Thickness Maps for Samples A and B are shown in Figures 12.1 and 12.2
respectively. Strikingly thickness is distributed unevenly. There is no gradient of
thickness arising from the sutures, in contradiction of the sutural model of growth.
Rather the distributed points of thickness are more consistent with patches locally
specifying thickness growth independent from the sutures.
The figures of this chapter quantitatively compare these thickness maps to the patch
maps and layer matching maps. However, we may also speculate based on a qual-
itative assessment. Comparing these maps to the layer matching maps in Figures
10.6-10.9 it seems that the thickest regions best conform with the areas of Layer
1 and 2 matching, with thinner regions bearing more Layer 1 and 3, and 2 and 3
matching.
Thick regions also appear to be relatively cell sparse in the Flattened Cell and Blur
maps for each sample in Chapter 8. This might suggest that Layer 3 is sparser
in thicker regions. The concurrent apparent loss of Layer 2 cell density in such
regions is consistent with the thickness maps: as this layer grows in thickness, it
also trabeculates, diluting cells with sparse matrix.
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Figures 12.1 and 12.2: Thickness Map of Layer 2 in Samples A and B
respectively. In both there anterior end of the frontal bone (red arrows) is thicker
than the posterior end (blue arrows). The interfrontal bone also represents a local
centre of thickness (white arrows). Thickness is notably not distributed in a smooth
gradient, but develops in a more local fashion, consistent with independent growth
of patches rather than growth organised from sutures.
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12.3.2 More Layer 1 and 2 patches are found in Thicker Bone,
compared to Layer 3
Figure 12.3 displays descriptive statistics of the Average L2 Patch Thickness for each
Layer and sample. Interestingly, Layer 3 patches are on average ‘less thick’. This is
a somewhat difficult observation to comprehend, as the patches are indeed covering
the same area of Layer 2. What this likely implies is that Layer 3 patches are less
prevalent within thicker regions than they are in thinner regions, unlike patches of
Layers 1 and 2 which appear to be more ubiquitous.
12.3.3 The relationship between area and thickness suggests
synchronous and asynchronous phases of layer maturation
Small patches may be found at any point of the bone regardless of thickness, but
the largest patches appear to be constrained to regions overlying intermediate Layer
2 thicknesses (Figures 12.4 and 12.5). Across all layers, there is a positive correla-
tion between patch area and the maximum underlying thickness of Layer 2 up to
approximately 10µm Layer 2 thickness, at which point each plateaus.
Above 15-17µm , the size of Layer 3 patches appears to decline relative to thickness,
and the range of patch areas remains fairly constant in Layers 1 and 2. The two
samples both display a decline in Layer 1 patch areas relative to Layer 2 thickness
around 25µm , though this is a weak trend and does not correspond exactly. Both
samples show a slight decline in Layer 2 area relative to Layer 2 thickness above
30µm of thickness, but this trend may be a result of the small number of patches
with thickness above 35µm .
This trend suggests that up to 10µm patches are still spreading laterally to a great
extent in each layer synchronously. A large patch area is potentially indicative of
a single clone dividing and spreading across the bone, and the early trend towards
this suggests a relationship between patch establishment of bone development. In
intermediate bone (10-30µm) there is the broadest range of patch sizes, suggesting
the most active phase of horizontal spread working in equilibrium with respect to
Layers 1 and 2.
The decline in Layer 3 patch size may suggest a thinning out of Layer 3, and reduced
cell division. This suggests that while horizontal spread approach equilibrium in
Layers 1 and 2, emigration depletes Layer 3. In thick bones, the prevalence of large
patches declines, suggesting that expanding single clone colour regions are no longer
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Figure 12.3: The Average L2 Patch Thickness of Layers 1 and 2 is
greater than that of Layer 3. For both samples, the Layer 1 Average L2 Patch
Thickness and the Layer 2 Average Patch Thickness are statistically significantly
larger than the Layer 3 Average Layer 2 Patch Thicknesses. Patches of Layers 1
and 2 in Sample B are also different using the same metric, while Patches of
Layers 1 and 2 in Sample A are not. While not annotated, Patches of one sample
are also statistically significantly different to the corresponding Layer in the other
sample. ∗∗∗p60.001, ∗∗p60.01, ∗p60.05, Student’s T-Test.
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Figure 12.4: Sample A: Patch area shares a similar relationship with
underlying Layer 2 thickness across all three layers. In Layer 1 (A), Layer
2 (B) and Layer 3 (C) there is a positive relationship between Patch Area and
Layer 2 thickness up to point close to 10µm of Layer 2 thickness (blue dashed line
within each). Past this point, each plateaued before declining at different
thicknesses (green dashed lines). Layer 3 began to present smaller patches at the
thinnest point of 15µm , with Layers 1 and 2 retaining a consistent average patch
area until 27 and 30µm of Layer 2 thickness respectively.
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Figure 12.5: Sample B: Patch area shares a similar relationship with
underlying Layer 2 thickness across all three layers. In Layer 1 (A), Layer
2 (B) and Layer 3 (C) there is a positive relationship between Patch Area and
Layer 2 thickness up to point close to 10µm of Layer 2 thickness (blue dashed line
within each). Past this point, each plateaued before declining at different
thicknesses (green dashed lines). Layer 3 began to present smaller patches at the
thinnest point of 17µm , with Layers 1 retaining a consistent average patch area
until 22µm . Layer 2 only marginally declines after 35µm .
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dominant, and may be disrupted by emigration, invasion, horizontal spread and
Layer 2 trabeculation.
12.3.4 Cell Density changes suggest three phases of layer
maturation, with synchronous and asynchronous
components
Figures 12.6 and 12.7 contain the most revealing trends. In each except 12.7A & A’,
density has a sharp negative correlation with Layer 2 thickness up to around 10µm
, suggesting an synchronous initiation phase in which tight clusters of cells creates
a small patch before spreading. The inconsistency of 12.7A & A’ is due to a group
of patches close to the origin of this graph, without which the profile of the points
matches that of 12.6A & A’.
Above this point there is a general trend towards declining density relative to thick-
ness. The rates at which this occurs are different, but in both samples there is a
synchronised rate change: at 15µm of thickness in Sample A, and 20µm of thickness
in Sample B. This suggests that a process linking the layers influences redistribution
of cell density in bone of these thicknesses.
Figures 12.8and 12.8B show that cell density does not appear to change greatly
with area, except in small patches where density is higher and decreases with size.
This likely represent newly initiated regions where cells are only just beginning to
divide, possibly having migrated from another layer. This would also suggest that
new patches undergo an initial phase of cell division that creates a small patch of
high density, followed by a phase of rapid lateral spread, reducing density, before
further cell division reaches equilibrium with cell number changes.
The lack of a strong trend would suggest that cell density is somewhat homeostatic,
with division and passive or active movements of cells balancing out in mature
regions. What changes there are appear to be a result of the far stronger trends
shown in Figures 12.4 - 12.7, with very small patches correlating with very thin
bone, which also correlates strongly with high cellular density. The weak association
between area and cell density is thus likely secondary, and cell density appears to
be broadly homeostatic with respect to patch area,
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Figure 12.6: Sample A: Cell Density is related to Layer 2 thickness across
Layers 2 and 3. Patches from Sample A, comparing Average Layer 2 thickness to cell
density. Absolute densities for yellow patches (A-C) are provided for comparison to
overall normalised densities (A’-C’). Across all three layers there is an initial negative
correlation up to a thickness just below 10µm (green dashed line), with this effect most
pronounced in layer 2. Past this point, in Layer 1 (A and A’) There is a subsequent
positive relationship with thicker bone having denser patches up to 17µm (green dashed
line), at which point average density plateaus. Within Layer 2 (B and B’) and Layer 3 (C
and C’). There is a plateau of Density between 9 and 15µm of Layer 2 thickness, followed
by a further negative correlation, with thicker bone having lower cell density.
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Figure 12.7: Sample B: Cell Density is related to Layer 2 thickness across
Layers 2 and 3. Patches from Sample B, comparing Average Layer 2 thickness to cell
density. Absolute densities for yellow patches (A-C) are provided for comparison to
overall normalised densities (A’-C’). In Layer 1 (A) density is approximately even across
all thicknesses, but does display fluctuations around the thicknesses that see inflections in
other layer trends. In Layer 2 (B) and Layer 3 (C) there are precipitous declines in cell
density relative to thickness up to 12µm of thickness, after which both decline at different
rates. These rates change around 20µm of thickness, with Layer 2 declining more slowly
and Layer 3 declining more rapidly.
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Figure 12.8: Sample A: Cell Density has no strong relationship with
Patch Area across the three layers. Sample A patches, comparing area with
cell density. Absolute densities for yellow patches (A-C) are provided for
comparison to overall normalised densities (A’-C’). The smallest patches in Layer
2 (B & B’) and Layer 3 (C & C’) appear to have higher cell density, declining
sharply before stabilising at 8000µm 2 (green dashed line). This feature is far less
pronounced within Layer 1 (A & A’). Past this point each layer appears to have a
weak positive correlation, with larger patches having higher cell densities, but this
is a very slight relationship with a great range.
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Figure 12.9: Sample B: Cell Density has no strong relationship with
Patch Area across the three layers. Sample B patches, comparing area with
cell density. Absolute densities for yellow patches (A-C) are provided for
comparison to overall normalised densities (A’-C’). The smallest patches in Layer
1, (A & A’), Layer 2 (B & B’) and Layer 3 (C & C’) appear to have higher cell
density, declining sharply before stabilising at 10000µm 2 in Layer 1 and 6000µm 2
in the other layers (blue dashed lines). Layer 1 has the weakest initial decline.
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Figure 12.10: Colour Similarity Between Layers Plotted Against Layer
2 Thickness. Sample 1: A, B, C; Sample 2: A’, B’, C’. In each case, the
strongest matching 10% of pixels are plotted. The same relative Y scale is used in
each, though the origin changes. 95% of pixels lie to the left of the green dashed
line in each plot. A and A’: In both samples colour similarity between Layers 2
and 3 is found in regions with 10µm Layer 2 Thickness. B and B’: In both
samples strong colour similarity between Layers 1 and 2 is found at regions of
15-20µm Layer 2 thickness. C and C’: L1 and L3 matching is more dispersed
across a wide range of Layer 2 Thicknesses, though noticeably strongest in the
range of 10-20µm.
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12.3.5 Preferential layer communication is linked to the thickness
of the deposited biomineral
The most parsimonious explanation for similar colour composition in two overlap-
ping regions of bone is vertical invasion of cells between layers. As such, colour
matching can be used as a proxy for vertical invasion, and this can be compared
to other characteristics of the bone. Figure 12.10 explores the relationship between
colour matching and thickness of Layer 2, and thus allows for exploration of which
layers are communicating at different stages of bone development. Both samples
show identical trends, which implies that any such observations are reliable.
Below 10µm Layer 2 thickness, bone can be considered very immature, with Layer 2
effectively represented as a thin border between Layers 1 and 3 with a small number
of encroaching cells. At this stage, those cells in Layer 2 appear to best match
Layer 3, implying that this is the generative layer for invasive clones. There also
appears to be invasion between Layers 1 and 3, which may account for the matching
between Layers 1 and 2, a possibility that will be explored through less abstract
examples. At around 10-15µm of Layer 2 thickness, Layer 3 to 2 similarity is at its
highest levels, implying that Layer 3 to 2 invasion is the most important process for
population of Layer 2 up until a certain stage of local maturation.
At approximately 15-20µm Layer 2 thickness, Layer 1 and 2 matching appears to
be the dominant characteristic. This may represent a shift in the characteristics of
invasion such that Layer 1 takes over from Layer 3 as the main source of invading
cells into Layer 2. As previously, Layer 1 and 3 matching remains relatively high,
suggesting that communication is maintained between these layers.
Above 20µm thick Layer 2, colour matching tails off across all three layers. There is
a notable population at approximately 35µm thickness where there is a significant
degree of matching between Layers 1 and 2 (B and B’) and Layers 1 and 3 (C and
C’), though this is not substantially represented as a match between Layers 2 and 3
(A and A’). This suggests either that there is invasion from Layer 1 into both layers,
but with the two invading populations being effectively isolated, or perhaps more
likely that Layer 1 to 2 invasion entirely replaces Layer 3 to 2 invasion while cells
from Layer 3 still travel to Layer 1 without contributing to the population of Layer
2.
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12.4 Summary: Clonal Dynamics Change as the Bone
Grows Thicker
From these plots a model of patch formation can be inferred for each layer. As Layer
2 thickness is a proxy for stage of bone development, changes in patch dynamics can
be explored along this axis. In brief this points to three general phases for dermal
bone growth: an initial invasion from Layer 3 into Layers 1 and 2, followed by a
progressive movement towards Layer 1 supplying Layer 2 before each layer becomes
largely independent above 30µm of growth. These three broad phases of invasion
are depicted in Figure 12.11 and changes in patch dynamics of each layer discussed
below.
12.4.1 A common synchronous phase of layer establishment
In all three layers the patches at the very thinnest areas of bone are very dense (Fig-
ure 12.6) and very small (Figure 12.4). This would be suggestive of a disorganised
and random collection of cells dividing without spreading. As bone thickens, some
patches expand laterally in proportion, though small patches are still present, which
may represent either pre-existing patches that do not spread, or the appearance of
novel patches as a result of invasion between layers.
The initial loss of density is least pronounced in Layer 1 (Fig 12.6), though there
is not a commensurately lesser degree of lateral spread (Fig. 12.4), while Layers 2
and 3 show remarkably similar profiles, despite the fact that by definition Layer 2
is multiplying in volume as it thickens. Given equal cell division and no invasion,
one would expect Layers 1 and 3 to show the same trends with Layer 2 losing cell
density fastest. These results would suggest that Layer 3 is perhaps donating cells
to other layers early on, which may be depressing the rate cell density loss in the
other two layers. This process appears to dominate up to 10µm of Layer 2 thickness.
12.4.2 Layer 1 Patch Maturation
Following the common initiation phase, Layer 1 patches increase in cell density up
to 17µm of Layer 2 thickness, at which point average cell density levels out. There
is no commensurate change in patch area dynamics at this level of thickness, which
suggests that a level of equilibrium density is reached, almost certainly facilitated
by emigration of surplus cells into Layer 2, evidenced by their strong matching in
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Figure 12.11: Three broad phases of invasion between layers. Below
10µm of L2 thickness, Layer 3 is dense with cells and has strong layer matching,
and thus mostly likely populates the other layers. During this phase, horizontal
spread defines the edges of patches across all three layers. Eventually Layer 1
contributes more to Layer 2 through invasion, supplanting the diminishing Layer 3
once the biomineral is at least 30µm in thickness.
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intermediate bone. In very thick bone, the range of cell density reduces towards this
average, which suggests that the mature L1 is more homogeneously dense than the
other layers.
Patch area seemingly has little to no relationship with cell density or Layer 2 thick-
ness, suggesting that lateral spread acts independently of these processes and main-
tains a similar range of density regardless of how developed the bone is. This
homeostasis of density with respect to area suggests a relationship between lateral
spread, cell division and vertical invasion that regulates cell density, though clearly
there is still a broad range of density within Layer 1.
12.4.3 Layer 2 Patch Maturation
Above 10µm of thickness, Layer 2 is approximately stable following the initial decline
(Fig. 12.6). As volume is increasing which would decrease cell density, this would
suggest either invasion of cells into Layer 2 or rapid cell division. Cell density peaks
again at 15µm of Layer 2 thickness before declining, which may represent the onset
of trabeculation, which by establishing large cell free regions would by definition
decrease cell density. This is synchronised with a decline in Layer 3 cell density
(blue dashed lines in 12.6B’ and C’). The decline in cell density relative to thickness
is slow up to about 30µm of thickness when it becomes far more rapid.
After a brief initiation period it would appear that cell density of Layer 2 patches
has only a weak positive correlation between cell density and patch area. The largest
patches within Layer 2 are principally found within regions of intermediate thickness
around 20µm , which also correlates with relatively high cell density. Thus these
intermediate regions where initiation has completed but trabeculation has not yet
reduced cell densities likely account for the weak upward trend of Fig. 12.8.
12.4.4 Layer 3 Patch Maturation
Above 10µm of thickness, Layer 3 cell density briefly plateaus before continuing to
decline above 15µm of Layer 2 thickness. This also corresponds with the point at
which Layer 3 patch area begins to decline relative to thickness. This would suggest
that above 15µm of Layer 2 thickness, Layer 3 is already relatively mature, and
does not undergo any further drastic changes while slowly declining in cell density
and degree of contiguous lateral spread.
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12.4.5 Relationship between Layer matching and Thickness
correlates with patch characteristics
The key regions identified within Figure 12.10 have remarkable correspondence
with the landmark stages of development with respect to thickness outlined by
the patches, in which the regions below 10µm of Layer 2 thickness were identified
as undergoing an initiation phase. This appears to correspond with Layer 2 and 3
matching, and Layer 1 and 3 matching, suggesting emigration from Layer 3 into the
other layers that would account for the precipitous drop in cell density of this layer
observed in Figure 12.6, and the lesser drop of Layer 2 density in the same figure
despite expanding volume.
The 15-17µm thickness range marks a number of interesting features in the both
independent approaches. In the patch-based approach this corresponds with the
start of decline in Layer 3 patch areas, and changes in cell density dynamics across
all layers and both samples. This range corresponds with a huge increase in Layer 1
and 2 matching, the apex of Layer 1 and 3 colour matching and the decline of a Layer
2 and 3 matching. This suggests that Layer 3 is undergoing further depopulation
at the expense of patch cohesion, while Layer 1 becomes more important in feeding
the expanding Layer 2 with new cells.
The final great trends within layer matching occur above 30µm of Layer 2 thickness,
where in general there is a decline between all layers, with Layer 1 and 2 matching
retaining the most influence in the thickest bone. This is in part likely due to later
invasions representing infiltration of a far more populous and distinct population
rather than replacement or initiation of a new colony from the same material. The
persistence of communication between Layers 1 and 2 is reflected in a declining
relationship between area and thickness in these layers in very thick bone, suggestive
of invasions breaking up patches, though this is only a weak trend.
12.4.6 Conclusions
The data demonstrates that bone development is principally organised around, and
thus predictive of, changes of Layer 2 biomineral thickness. Below 10µm all three
layers undergo a synchronous period of establishment, with high density groups
of cells spreading out and losing density rapidly. Above this point the three layers
diverge in their characteristics. Layer 3 progressively loses density as it donates cells
to other layers in younger bone and becomes more quiescent in more developed bone.
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Layer 1 stabilises as a dense layer that is broadly homeostatic and homogenous.
Layer 2 undergoes changes of density and degree of lateral spread that are linked
to changes in the proportion of vertical invasion, which is initially from Layer 3 but
progressively changes to come from Layer 1.
Excitingly, these findings also decouple the degree of horizontal spread from the
degree of thickness growth, as this appears to be largely defined within the ear-
liest stages of patch development. This suggests that new populations may be
established, spread and contribute to lateral bone growth while generating local
regulation of the developing bone thickness. A large patch with many cells may be
held in a relatively immature state until the developmental program requires it to
activate thickness growth. This plasticity lends further support to the concept of
these clonal patches as developmental modules of the bone.
While the magnitude of horizontal spread of a patch and vertical invasion are not
linked after the initiation phase, the previous Chapter demonstrated that patches
within the different layers are spatially organised around points of invasion. This
can be integrated with the findings of this chapter to give the model presented in
Figure 12.12 This must furthermore represent a shifting and dynamic landscape, as
there is certainly not a perfect correspondence between patch centres in all layers
in all parts of the bone. Rather, the development of large dermal bones appears to
consist of a communal output from the integration of many cryptic patch modules.
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Figure 12.12: Layer invasion and patch dynamics are linked processes.
Early patch development consists mostly of invasion from Layer 3 and horizontal
spread in all layers to establish the patch. Layer 3 initially inflates Layer 2 by
invasion, while Layer 1 develops independently of this. Later when the bone is
thicker, Layer 1 becomes the principal donor of cells to Layer 2, as Layer 3
diminishes.
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Chapter 13
Clonal Architecture of Muscle Attachment
Regions
13.1 Introduction
Some of the most complex discussions in developmental biology centre around how
different tissues come to be integrated in the mature organism. The coordination
of entheses or muscle attachment regions is one such complex problem. With the
exception of the tongue, every skeletal muscle in the body must attach to two bones
in a specific position. These connections must be accurate and strong to ensure that
appropriate force can be transduced through them.
Kontges and Lumsden [1996] showed that each muscle must attach to a region of the
same rhombomeric origin: an ‘organisation by origin’. It was later demonstrated
that Cranial Neural Crest cells are not necessary for early craniofacial muscle devel-
opment, but are required for proper muscle attachment [Rinon et al., 2007]. While
Jordan [2011] demonstrated that muscle attachment sites have a structurally dis-
tinct Layer 1, termed Layer 1-Attachment it is still unknown how different cell
populations interface at the enthesis. The existing model of muscle attachment is
presented in Figure 13.1
The precise mechanism and role for neural crest cells in integrating muscle with
bone in the head has not yet been described. While Layer 1 is clearly structurally
different, it is not clear whether this is a simple adaptation of existing cells, or if
the layer is replaced by a different population integrating into the bone. Confetti
provides these answers. The classical understanding of the enthesis is that the
tendon is a distinct structure from the bone, and attaches to it. If this is the case,
229
then the bone, tendon and muscle will not be of the same colour. If they are, this
implies that one population forms an effectively novel organ, integrating both into
the bone and the muscle to establish a physical connection.
13.2 Methods
This section utilises the flattened cell maps and thickness maps described in Chap-
ters 8 and 12 respectively, and density-corrected ratio mode invasion maps as de-
scribed in Chapter 10. The regions represented are shown in Figure 13.3. The scale
for Layer 2 thickness map colours is shown in Figure 13.2.
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Figure 13.1: Current Model of Enthesis Structure.Kontges and Lumsden
[1996] demonstrated that facial muscles only attach to bone of the same
rhombomeric origin, and thus must have some organisation by origin. Jordan
[2011] further demonstrated that there is a distinct structure termed Layer 1 -
Attachment at the enthesis.
Figure 13.2: Colour Scale of Layer 2 Thickness. Used in subfigure D of the
upcoming Figures 13.4-13.7.
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13.3 Results
13.3.1 Muscles attaching to the nasal bone share a common
lineage with an island of bone they attach to.
Figure 13.4 represents a muscle attachment region on the right nasal bone of Sam-
ple A, likely associated with the Procerus. Residual cyan-labelled muscle fibres are
visible. Within the bone, there is clearly a cyan-dominated territory within a yellow
and red region. There is a visible gap around this region, suggesting incomplete in-
tegration of the attachment bone and the nasal bone. Within Layer 2 (Fig. 13.4B)
there is a distinct organisation into a cell-rich honeycomb, distinct from the sur-
rounding bone. Cyan cells are starkly sparse in Layer 3 (Fig. 13.4)C, which has
almost no distinction between the attachment site and the surrounding bone. There
are clearly some knots of cells penetrating this deeply, but little invasion.
Colour Matching analysis further confirms these observations. The majority of the
muscle attachment region displays matching of Layers 1 and 2, and suppression of
2 and 3 association. Only peripheral points have matching of all three layers, which
correspond with dense knots of cells even in Layer 3. This suggests that there is a
common cyan-dominated lineage that gives rise both to the attaching tendon and
muscle, and to the Layer 1-Attachment Region. This furthermore penetrates deep
into the bone, with a few anchoring points penetrating all the way to Layer 3.
Figure 13.5 represents a similar enthesis from the other sample, with a similar dif-
ference of lineage between attachment region and bone. Even in this instance, the
distinct line around the region can be observed within Layer 1. The attachment re-
gion has a higher proportion of red cells than surrounding bone. Roundels of green
within red are visible within this region. Only one centralised point of three-layer
matching can be observed.
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Figure 13.4: Sample A Muscle Attachment Region on Right Nasal Bone
in Detail Scale bar is accurate for all images. A: Flattened representation of
Layer 1. B: Flattened representation of Layer 2. C: Flattened representation of
Layer 3. D: Heatmap of Layer 2 Thickness. E: Relative colour similarity between
Layers 1 and 3. F: Relative colour similarity between Layers 1 and 2. G: Relative
colour similarity between Layers 2 and 3. H: Overlay of subfigures E-H. The muscle
attachment region in the centre of the image is markedly different to the surrounding
bone. A Cyan and Green population dominates Layers 1 and 2, without penetrating
into Layer 3 which is similar to the Yellow and Red dominated surrounding bone.
The structure of Layer 2 is arranged into a honeycomb while the surrounding bone is
more homogenous. The muscle attachment region is markedly thicker than the thin
bone to the left (anterior) of the region. Within the colour matching comparisons,
the nasal bone is very heterogenous, while the muscle attachment region is largely
dominated by Layer 1 and 2 matching, with the other layers matching only where
dense knots of cells run through all three layers (e.g. red arrow). Possible residual
muscle fibres share the same colour as Layer 1 (blue arrow).
Figure 13.5: Sample B Muscle Attachment Region on Left Nasal Bone in
Detail Scale bar is accurate for all images. Subfigure lettering same as above. This
region represents a red-labelled muscle attaching to a red and yellow labelled bone.
The density of red cells is noticeably greater in Layers 1 and 2 within the region of
muscle attachment in the centre of the image when compared to the surrounding
bone. There is no apparent correspondence between the thickness of Layer 2 and
the point of muscle attachment, with the thickest regions running along the midline,
at the top of the image. Within the muscle attachment region, the colour matching
is organised such that strong Layer 1 and 2 matching is ensheathed by 1 and 3
matching, with 2 and 3 matching in the regions between these nested points. In
the surrounding bone, colour matching is more heterogenous, with a three-layer
matching creating a white line in the overlay that follows a suture running through
the bottom of the image parallel to the anteroposterior axis. As above, there are
points of three-layer matching (white and purple arrows) which are slightly thicker
than surrounding bone, though this time apparently within the enthesis rather than
at the periphery.
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13.3.2 Muscles attaching to the frontal bone around the eye share
a common lineage with an island of bone they attach to.
The same patterns are displayed within Figure 13.6 which shows a muscle attaching
to the frontal bone above the eye socket. In this instance, a red and green attach-
ment population is penetrating a yellow and red majority region, with green cells
extending into the residual tendon. Red cells appear to define the outer sheath of
the tendon, while green and cyan cells define the core, with this pattern transfer-
ring into the attachment bone. Penetration of attachment cells into Layer 2 is less
than in the last example, but present. Spots of three layer matching appear to be
more centrally organised, suggesting that this feature may vary between attachment
regions depending on the role of the muscle.
There appears to be two quite different segments to this region, suggesting that
this is perhaps two overlapping regions or perhaps more likely given the polyclonal
patterns a region that has a strong deep anterior anchor (rightmost) and a more
superficial attachment to the posterior (leftmost).While both regions have some
penetration into Layer 2, Layer 3 underlying the anterior region is far more dense,
and has the characteristic green cells of the attachment population.This is mirrored
in layer matching: while both the posterior and anterior segments of this region have
good Layer 1 and 2 matching, only the anterior portion has further integration of
Layers 2 and 3 and strong foci of Layer 1 and 3 matching. The honeycomb pattern
observed previously is not strongly shown here, and Layer 2 resembles more normal
trabeculations, albeit with contributions of the attachment cells.
A similar pattern can be observed within Figure 13.7 which is from a similar pe-
riorbital muscle attachment region. A dense green and yellow attachment region
connects into a red, yellow and cyan bone. Green cells penetrate into Layer 2, but
are only in two spots within Layer 3, corresponding to points of strong three layer
matching. The region overall is defined by Layer 1 and 2 matching.
Across all four examples bone appears to be relatively thin where three-layer anchor
points are found, but can be thicker in other less dense parts of the attachment
region.
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Figure 13.6: Sample A Muscle Attachment Region Close To Left Eye in
Detail Scale bar is accurate for all images. A: Flattened representation of Layer 1.
B: Flattened representation of Layer 2. C: Flattened representation of Layer 3. D:
Heatmap of Layer 2 Thickness. E: Relative colour similarity between Layers 1 and 3.
F: Relative colour similarity between Layers 1 and 2. G: Relative colour similarity
between Layers 2 and 3. H: Overlay of subfigures E-H. The muscle attachment
region at the most lateral part of this image is dominated by Green and Cyan cells
ensheathed by red cells in Layers 1 and 2, which do not penetrate into Layer 3. The
structure of Layer 2 is striated, with both the attachment region and the main frontal
bone appearing striated diagonally towards the anterior midline. The attachment
region is relatively thin compared to the more medial frontal bone, with a thicker
line marking its posterior edge. It is surrounded by a a band of Layer 1 and 3, and
1 and 2 colour matching, while inside there is only small localised regions of strong
colour matching. At the most medial and thick parts of the image, Layer 1 and 3
matching is reduced with 1 and 2 matching dominating and 2 and 3 matching being
entirely absent. The cyan and green mixture that defines Layer 1 and 2 while being
excluded from layer 3 extends into the residual attached muscles (red arrow).
Figure 13.7: Sample B Muscle Attachment Region Medial to Right Eye
Socket in Detail Scale bar is accurate for all images. Subfigure lettering same as
above. Green cells are present in the residual attached tendon and muscle (white
arrows). These clearly dominate the enthesis in Layer 1. They also extent quite
generally into Layer 2 (B, purple arrow) and in one point into Layer 3 (C, purple
arrow). This point is slightly thicker than the surrounding bone (D). This also
clearly translates into three-layer matching (E-H, arrow). This thicker point at
which the muscle lineage penetrates deep into the bone is likely an anchor for the
muscle, but would not be observable without lineage labelling.
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13.4 Summary: A common progenitor population
links bone and muscle
The four muscle attachment regions presented in Figures 13.4 - 13.7 all conform
to a common pattern. Polyclonal populations intimately associated in the muscle
also form the connective tissue, the Layer 1-Attachment and much of the underlying
Layer 2. This leads to a polyclonal ‘island’ of muscle attachment bone in a territory
of cells of different origins. Small anchoring populations further penetrate into Layer
3 in a few points. The nature of these regions is summarised in Figure 13.8.
Layer 1 seems to be entirely replaced by the muscle-associated population, while
Layer 2 appears to integrate to some degree. Layer 3 underlying muscle attachment
regions is naerly indistinguishable from surrounding bone, with some dense knots
appearing to anchor the muscle to the full thickness of the bone. The lack of mixing
into Layer 3 suggests that apparently normal cell invasion present elsewhere in the
bone is suspended in these regions.
The extensive spread of few muscle-associated colours would suggest that there is a
small progenitor population response for this integration: the proliferation of green
cells within both 13.6 and 13.7 for example likely represents a proliferation from only
a few ‘Attachment Point Precursor Cells’. Each muscle attachment region appears
to be defined by only two cell colours, which the Founder Effect model detailed
in Chapter 3 would suggest that this Attachment Point Precursor Cell population
derives from fewer than 20 cells.
These findings confirm those of Jordan [2011] and Kontges and Lumsden [1996].
Clearly there is close ‘organisation by origin’ - the bone and connective tissue are
directly of the same close lineage. While the so-called Layer 1-Attachment is clearly
distinct from surrounding Layer 1, it almost certainly comes from a different popu-
lation rather than a specification within Layer 1, and is formed by invasion rather
than differentiation. This technique also shows that Layer 2 is remarkably differ-
ent within muscle attachment regions. Therefore it seems appropriate that Layer
1-Attachment be convolved with a new Layer 2-Attachment population in a fuller
model of neural crest mediated muscle attachment. Indeed, this cryptic identity
could justify the enthesis from merely a locational identity or substructure to that
of a novel organ, a functional adapter bridging the gap between two very distinct
anatomical structures.
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Figure 13.8: Schematic of Neural Crest Mediated Muscle Attachment
Updated model from Figure 13.1. The attachment population (blue) integrates
deeply into the bone population (red/orange) as well as the muscle (pink). A
completely distinct Layer 1 is produced, while Layer 2 consists of a mixed
population. The underlying Layer 3 is mostly unaffected, though does receive some
deep penetrations running the full thickness of the bone.
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Chapter 14
Polyclonal architecture of the sutures
14.1 Introduction
The sutures of the skull are of fundamental importance. Familiar even to casual
observers, these sites are where bones meet. Several do not close until many years or
decades after birth, despite the obvious structural weakness this represents. Though
undermining the strength of the cranial vault, these sutures are clearly required,
with defects at the suture such as premature fusion (craniosynostosis) leading to
widespread malformations.
The general understanding of suture biology is that they represent the growth fronts
of the cranial bones. Following the initial ossification stage, sutures appear to be
maintained almost solely for this role. This is based upon the aforementioned bias
to consider bone as an entirely solid and near immutable object, the growth mal-
formations caused by premature fusion and a variety of biological evidence pointing
to growth at the sutures [Baer, 1954; Opperman, 2000; Zhao et al., 2015].
A number of unresolved questions exist regarding the sutures, and particularly the
relationship between the cells within the suture and the cells within the bones has
not been conclusively explored. The bones may grow out of the sutural popula-
tions themselves, or the sutures may simply represent flexible ‘buffers’ between two
expanding objects. This has fundamental implications for the aetiology of cran-
iosynostosis: if the bones are dependent on sutural precursors, than it is likely that
loss of maintenance in this population causes premature fusion. If the bones are
merely separated by sutures that are polyclonally distinct, then another process
must be acting.
If new bone is emanating from stem cell populations at the suture, then the colour
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mix of cells near the suture should match that of the suture. Furthermore unless
the suture is polarised with respect to its growth or polyclonal arrangement, it
would be expected that the bone either side of the suture would have the same
polyclonal makeup. Arrangements of clonal populations arising from the suture are
predicted in Figure 14.2. The clonal patterns are dependent on whether supposed
sutural stem cells are long-lived or are themselves replaced. The key feature of the
sutural model of growth is a symmetry about the suture or an apparent polarity
within the suture, and a replication of the sutural clonal pattern across the bone.
In the absence of this and with the body of evidence to suggest patch-based clonal
expansions generate osteoblasts more widely, we must abandon the sutural model
of dermal bone development and interpret the sutures as passive bystanders.
While some sutures are highly conserved, such as the frontonasal suture, others are
heritable traits found in only a few individuals, such as those surrounding the inter-
frontal bone. Examining potential differences between these canonical and sporadic
sutures may give insight into whether sutures shape the outside of bones, or if bones
generate sutures wherever they meet.
14.2 Methods, Regions of Interest and Predictions
With the full suite of tools at our disposal we can examine the polyclonal architecture
in and around the sutures, with reference to layer colour similarity, patches and
polyclonal constituents explored by Principal Components Analysis (PCA).
Principal Components Analysis (PCA) allows for the comparison of polyclonal pop-
ulations across the surface of the bone. Three regions were selected, representing
three sutures: the frontonasal suture from Sample A and the internasal suture and
a region spanning the interfrontal bone in Sample B. The exact locations of these
regions are shown in Figure 14.1. For each, a 23µm sigma was used, as described in
Appendix A.5. Variances explained by each Principal Component in each analysis
is presented in Figure 14.12.
PCA is a powerful tool for testing predictions in small regions of Confetti, as it can
contextualise the distributed four-colour Confetti information in a far more easily
interpretable fashion. However the caveats outlined previously must be taken into
account. As before, the PCA overlay maps are illustrations to the true analysis
present in the dot plots.
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Figure 14.1: Regions selected for PCA Analysis 1 Region from Sample A A
and two from Sample B B were analysed, shown as white boxes. Region 1
represents the left frontonasal suture of Sample A, and is explored in Figures 14.6
and 14.7. Region 2 spans the internasal suture of Sample B and is shown in
Figures 14.8 and 14.9. Region 3 spans the interfrontal bone of Sample B and is
explored in Figures 14.10 and 14.11
.
Figure 14.2: Predictions of sutural clonal architecture based on a
traditional model of sutural growth. In each, colours represent different
clonal populations, and the dotted region in the centre represents the suture. A: If
the suture has stable heterogenous populations along its length then the resulting
bones either side would be roughly striated with the clonal pattern of the suture.
B: If progenitor cells in the suture are transient and periodically replaced then a
symmetrical concentric pattern of growth would be observed in the adjacent bone.
C: If the suture is both heterogenous and comprised of transient progenitors, the
resulting bone would appear as a roughly symmetrical patchwork.
245
14.3 Results
14.3.1 Sutures exclude bone-resident polyclones, and appear to
allow for spreading of polyclones along their extent
Figure 14.4 shows the nasion, where the sutures between the nasal bones, frontal
bones and interfrontal bone converge.Contrary to the expectations raised by the
traditional model of sutural growth, the sutures are quite distinct from the bones,
which are relatively similar under casual observation. It would appear that there is
mixture along the extent of the sutures, leading to apparent polyclonal similarity
throughout this complex. The sutures are clearly acting as polyclonal boundaries, as
cells appear to be both confined within the sutures and are confined from entering
the sutures (Fig. 14.4 B and C respectively). The sutures of this region appear
to contain yellow cells but exclude cyan cells. Yellow patches are thus recorded as
spanning the sutures, while cyan patches terminate at sutures.
This suggests that the sutures are both capable of excluding cells, and allow for
spreading of polyclones along their axis. The absence of cyan cells within the sutures
begs the question of their origin, and suggests that not all of the cells within the
bones came from the sutures.
Figure 14.3: Anatomical location of Figure 14.4 within Sample B. Region
shown is the junction between the right frontonasal suture and the interfrontal
bone with associated sutures within Sample B, covering both the areas known as
the nasion and glabella.
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Figure 14.4: Cellular and Patch characteristics of sutures. Figures show a
region at the frontonasal suture of Sample B, within Layer 2. Detail given in Figure
14.3. A: Sutures appear to share colours along their length over large distances.
Here the same red and yellow mixture defines large parts of several adjoining sutures
(white arrows), at the exclusion of Cyan. B: In the patch map for Layer 2 Yellow
cells, patches appear to bridge the suture (white arrows), likely due to the blur.
Cells appear quite tightly defined to the suture. C: In the patch map for Layer
2 Cyan cells, patches show clean boundaries at the suture, either merging at its
midpoint where narrow (white arrow) due to blurring, or registering as a void where
the suture is wider (red arrow).
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14.3.2 Vertical polyclonal cellular communication in and around
sutures.
Sutures appear to have a relatively complicated architecture with respect to layer
matching, as seen in 14.5. The bulk of the suture has three-layer matching, sug-
gesting that the cells within do not observe the same layer restriction as the bone.
There are also roundels present, suggesting active mixture. The perisutural regions
appear to be strong in matching between Layers 1 and 2, as well as in places 1 and 3,
suggesting either mixture or invasion of new cells into all three layers at these points.
The apparent matching lines form parallel tramlines, suggesting that the polyclones
within the outer layers of the suture effectively wrap back upon themselves at the
periphery of the bone, rather than extending as a sheet into the suture itself.
14.3.3 Distinct polyclonal populations in the nasal and frontal
bones are segregated by the polyclonal populations within
the frontonasal suture
Figures 14.6A-C show a densely yellow nasal bone segregated from a red and yellow
frontal bone by a yellow, red and cyan suture. In each of the PCA visualisations in
14.6A’-C’ the frontal and nasal bones are clearly distinguished in both PC1 (red) and
PC3 (blue). The suture is largely identifiable within PC2 (green). The perisutural
region within the frontal bone also bears notable similarity to the nasal bone, though
this region appears to be mostly defined by an abundance of only yellow cells,
which may be spontaneous due to how common they are. Critically, there is no
concentric pattern within the bones radiating from the suture, and the suture itself
appears polyclonally distinct from the bones due to the abundance of cyan cells.
This suggests that the suture is not the generative region for the cells populating
the bones. There are however small groups of cells that match the sutural population
in both, suggesting that they may have some specific role within the bone if they
are not spontaneously similar.
The plots in 14.7 show a clear segregation of the constituent populations of the cells
in the two bones, with the suture acting as the interface between the two. This
suggests that the populations within the bones have different colour mixtures, and
are likely of different polyclonal origins, while the suture may represent a mix of
these two populations. If the suture is indeed a mixture of the two populations,
then the small groups of suture-like mixtures within either bone (denoted by green
patches in Figs. 14.6A’-C’) might represent migrants through a somewhat porous
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Figure 14.5: Layer colour similarity at sutures. Region shown is the
junction between the left frontonasal suture and the interfrontal bone with
associated sutures (top right). Approximate suture boundaries are shown as
dashed white lines.The general appearance of the suture is that of three layer
matching, shown in white (white arrow). In places roundels are visible within the
suture (blue arrows). The perisutural region is high in Layer 1 and 2 matching
(both green and red arrows) but also in places high in Layer 1 and 3 matching also
(red arrow only). The matching of Layer 1 and 3 appears to surround that of
Layers 1 and 2, with the suture on the inside.
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sutural border. The largest suture-like region appears to map to a possible blood
vessel in the frontal bone.
Overall there is no evidence to support the idea that this suture is the sole generative
region for either of these bones: on the contrary, based on the mapping of the sutural
region within Principal Component space, it would appear that the suture represents
a mixture of the populations from the two bones.
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Figure 14.6: Visualisation of the PCA across the left frontonasal suture
Caption on Page 254
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Figure 14.7: Plots of Principal Component Analysis across the
frontonasal suture. Caption on Page 254.
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Figure 14.6: Visualisation of the PCA across the left frontonasal suture.
A, B & C: Flattened representations of Layers 1, 2 and 3 respectively, showing
boundaries for the designations used in Figure 14.7. Legend refers to the compart-
ments delimited by coloured borders on these figures. The greyed out region outside
of these boundaries is not included in analysis. A’, B’ & C’: Corresponding PCA
visualisations of Layers 1, 2 and 3 respectively. In each of these PCA visualisa-
tions the frontal bone and nasal bone are clearly distinct. The suture is also clearly
distinct from both, with islands of similarity in both bones. D: Layer 2 thickness
plot along the dotted line in B. In both bones the perisutural region is defined by
a thick ridge and a sharp decline into the suture. E: Layer 1 boundaries overlaid
with bright field image. The suture can be seen as unornamented connective tissue
between two regions of elaborated matrix.
Figure 14.7: Plots of Principal Component Analysis across the fron-
tonasal suture. A, B & C: Plots of 1000 pixels from the compartments defined
in Figure 14.6 across Layers 1, 2 and 3 respectively, showing values in PC1 against
values in PC2. A’, B’ & C’: As A, B & C, but showing PC1 against PC3. In each
plot the frontal bone and the nasal bone are very clearly delimited, with the suture
representing the interface between the two. This suggests that the two bones are
polyclonally distinct, with the suture representing a mix of the two.
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14.3.4 Distinct polyclonal populations in the two nasal bones are
segregated by the nasal suture
The region displayed in Figure 14.8 shows two quite clearly distinct mixes of colours
in the two nasal bones, with a more homogenous yellow-dominated mixture in the
left nasal bone and a more heterogenous mixture in the right nasal bone. These
are separated by a suture that is dominated by yellow and red cells. In the PCA
visualisation, the two populations are clearly distinguished within Layers 1 and 2,
with the suture acting as a demarkation line. Layer 3 is far less populated, and thus
does not show such a clear delimitation of the constituent populations of the two
bones, though the location of the suture still represents a demarkation line between
two populations at points.
The suture is also distinctly highlighted, suggesting that it is a mixture that is
distinct from either bone, rather than just a meeting of two populations. In both the
cell images and the PCA visualisations, it is clear that the constituent populations
of the bones are relatively homogenous both close to and far away from the suture,
and extend right up to the suture. No concentric banded patterns are visible in the
bones, and the suture is a distinct mixture from either bone.
The charts in Figure 14.9 give a more complicated impression than those of the
previous region. Within Layer 1 it would appear that all three populations are
relatively distinct. Within Layer 2, the former pattern returns with the suture
representing the interface between the two populations of the bone. Within Layer
3, the impression of three distinct populations returns. Given this region’s close
proximity to the nasion and thus other sutures (Fig. 14.1) this be due to the
spreading of cells along sutures as observed previously. Irrespective of this, there is
no evidence to suggest that the majority of cells within the bones originated within
the suture.
The suture appears remarkably thicker than the surrounding bone, which thins
towards the suture (Fig. 14.9D). While the thinning of bone towards the suture is
consistent with Region 1, the thickening is not.
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Figure 14.8: Visualisation of the PCA across the nasal suture. Caption
on Page 258
Figure 14.9: Plots of Principal Component Analysis across the nasal
suture. Caption on Page 258
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Figure 14.8: Visualisation of the PCA across the nasal suture. A, B &
C: Flattened representations of Layers 1, 2 and 3 respectively, showing boundaries
for the designations used in Figure 14.9. Legend refers to the compartments de-
limited by coloured borders on these figures. A’, B’ & C’: Corresponding PCA
visualisations of Layers 1, 2 and 3 respectively. In both Layers 1 and 2 (A’ and B’)
there is a distinct difference between the left and right nasal bones, showing distinct
polyclonal populations. The suture is a distinct population itself, and represents
a relatively sharp boundary between the two bones. Within Layer 3 (C’) the two
populations are still relatively distinct, despite the relative paucity of cells.
Figure 14.9: Plots of Principal Component Analysis across the nasal
suture. A, B & C: Plots of 1000 pixels from the compartments defined in Figure
14.8 across Layers 1, 2 and 3 respectively, showing values in PC1 against values in
PC2. A’, B’ & C’: As A, B & C, but showing PC1 against PC3. In each plot
the two nasal bones (orange and pink) share some commonalities but are overall
largely distributed across different regions of the PCA space, denoting their distinct
polyclonal origins. The suture (green) appears to represent an interface between the
two, suggesting perhaps that this constitutes a population that receives cells from
both bones.
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14.3.5 Distinct polyclonal populations are present in the
interfrontal and the frontal bones, segregated by
apparently normal sutures.
Figure 14.10, which spans the midline, shows a clearly distinct population devoid
of yellow cells, flanked by two dense lines of cells that segregate this from yellow-
populated frontal bones. Notably, the midline of the calvaria runs directly through
the centre of this region. This is the relatively obscure interfrontal bone, discussed
in depth in chapter 15.2. All three bones are relatively heterogenous with respect
to the principal components, but do not appear to represent identical populations.
The sutures themselves are quite clearly distinguishable in the PCA visualisations of
Layers 1 and 2 when compared to the putative novel bone and the adjacent frontal
bones, denoted by voids (values close to or below 0) in Layer 1 and either a void
or a region high in PC2 (green) in Layer 2. Within Layer 3 these sutures are less
distinct, but are still distinguishable, likely due to the relative paucity of cells in
this layer.
Within the plots shown in Figure 14.11, the interfrontal bone appears to be well
segregated from the frontal bones in at least one of the comparisons for Layers
1 and 2. This suggests that this region is a distinct polyclonal population. The
sutures follow the trend of the previous two regions, in representing transitions
between two bones, suggesting that they are mixtures of cells from either bone. In
summation, the interfrontal bone and the sutures that surround it parallel to the
midline follow the same trends as the previous well accepted sutures with respects
to cellular appearance, profile of Layer 2 thickness, representation on PCA plots and
appearance in bright field images. This means that the frontal-interfrontal sutures
which are not present in all individuals display the same elaborate arrangement as
the canonical nasal and frontonasal sutures.
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Figure 14.10: Visualisation of the PCA across the interfrontal
bone.Caption on Page 262
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Figure 14.11: Plots of Principal Component Analysis across the
interfrontal bone. Caption on Page 262
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Figure 14.10: Visualisation of the PCA across the interfrontal bone.A, B
& C: Flattened representations of Layers 1, 2 and 3 respectively, showing bound-
aries for the designations used in Figure 14.11. Legend refers to the compartments
delimited by coloured borders on these figures. Sutures are typically cell dense, and
do not appear to be of the same lineage as the adjacent tissue. A’, B’ & C’: Cor-
responding PCA visualisations of Layers 1, 2 and 3 respectively, with boundaries
as above. The sutures are very clearly distinct from the bones in Layers 1 and 2,
and somewhat visible in Layer 3. D: Layer 2 thickness plot along the white dotted
line from B. Both frontal bones have dips in thickness immediately adjacent to the
suture, followed by thicker regions further from it. E: Bright field with Layer 1
boundaries drawn in. The boundaries define trenches of unelaborated mesenchyme
between islands of complex matrix. consistent with a suture.
Figure 14.11: Plots of Principal Component Analysis across the inter-
frontal bone. A, B & C: Plots of 1000 pixels from the compartments defined in
Figure 14.10 across Layers 1, 2 and 3 respectively, showing values in PC1 against
values in PC2. A’, B’ & C’: As A, B & C, but showing PC1 against PC3. In both
Layers 1 and 2 (A and A’, B and B’), the interfrontal bone is well segregated from
the two frontal bones in at least one of the comparisons, demonstrating a distinct
polyclonal origin. The left suture appears entwined with both the left frontal bone
and the novel bone, while the right novel suture appears distinct from the novel
bone and overlays only with the right frontal bone , suggesting that the sutures and
these bones are derived from distinct polyclonal populations. In Layer 3 (C and
C’) each population overlaps, suggesting either that the lack of cells has reduced
the discriminatory power of this type of analysis, or suggesting a shared polyclonal
origin across Layer 3.
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14.4 Summary - Sutural populations do not give rise
to adjacent bones
In each and every suture examined in Figures 14.6 - 14.11, populations close to
the suture and polyclonally distinct from the cells appeared to extend into the
bone. There are no apparent concentric clonal relationships, no mirroring of clonal
relationships across sutures and only sporadic matching of sutural populations to
the bone. This leads to the strongly supported conclusion that the suture cannot
give rise to the majority of cells in the bone.
The PCA dot plots show that the suture can fall intermediate between the two bones
within principal component space. This would suggest that it contains a mix of cells
from both bones. This represents a complete inversion of the model that sutures
give rise to bones as well as going beyond the casting of sutures as passive buffers,
to suggest that bones give rise to the populations within sutures. This contradicts
the lineage analysis of Zhao et al. [2015], though they ignored some bone-resident
stem cells, as well as perhaps misinterpreting some small re-invasion of the bones
by sutural cells as being principal contributors to the bone. It should be noted
that Figure 14.4 demonstrated that some polyclones are excluded from the suture,
suggesting that there may be a polyclonal subpopulation that can enter the suture
from the bone.
Interestingly the thickness landscape across each suture (Figures 14.6D, 14.8D and
14.10D) demonstrates a slight thickening near the suture. Were the suture the
generative region and bone as static as that model implies, such a thicknening could
not be expected. Rather, a modular patch model that allows for definition of local
elaboration supports this thickening, as a response to the distinct environment of
the suture.
By inverting the cellular dynamics of the suture, one must consider the developmen-
tal dynamics in a different light. It has classically been assumed that if the suture
becomes quiescent, it will ossify and growth will cease. If the bones themselves are
growing and contributing to a sutural buffer zone, then it would be more reasonable
to think that cessation of growth would lead to breakdown of the suture and its
eventual ossification. The absence of significant cellular contribution in perisutural
bone removes the requirement for growth to be focussed around the sutures.
The sutures surrounding the interfrontal bone clearly have the same morphology as
classically accepted sutures. This demonstrates that so-called ‘ectopic’ sutures are
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in fact as well organised as other sutures. The most parsimonious explanation for
this is that sutures form wherever two bones developing bones meet, and are not
independently specified.
In conclusion, the cellular architecture of the suture does not support the sutural
model of growth, and rather places sutures as secondary bystander structures form-
ing between the edges of bones that may be expanding far more broadly than simply
at a narrow perisutural band.
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Figure 14.12: Barplots of variance explained by each principal
component in each Figure of this Chapter Each bar represents the total
variance within the image that is captured by the first three principal components.
For each triad, A, B and C correspond to analyses for Layers 1, 2 and 3
respectively. A, B & C: Figures 14.6 & 14.7. A’, B’ & C’: Figures 14.8 & 14.9.
A”, B” & C”: Figures 14.10 & 14.11. In each instance, the first two principal
components account for over 75% of total variance in the image, validating the
analysis.
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Chapter 15
Discussion: Cryptic Polyclonal Modularity
Underpins Cranial Dermal Bone
Development
In this Part we have explored the generative architecture of neural crest cells in
whole-mount mouse dermal bones, particularly the frontal and nasal bones. This
has revealed that polyclonal patches with a complex interlayer ontogeny represent a
compelling explanation to several aspects of skull development. These are organised
around points of vertical invasion of cells between layers, and can develop across
layers while developing localised thickness growth, cooperatively creating the whole
dermal bone. In this discussion we will further explore evidence for these structures
as fundamental modules within dermal bone development.
15.1 Patch-like structures in human skulls
In Chapter 12 I presented a temporal sequence of vertical versus in-layer expan-
sion that appears to underly dermal bone development, with polyclones cryptically
fused except at privileged suture regions. If this is true, then there ought to be an
evolutionary precursor to such a program, and there ought to be human patholo-
gies which reflect disruptions to this process. In this section I present evidence of
patch-like pathologies and discuss patch-like micromery in evolution.
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15.1.1 Wormian bones as evidence for the patch-based model
Wormian bones are a common and often asymptomatic stochastic variation in mam-
malian skull development. They consist of supernumary bones, commonly located
along the canonical sutures. Sites where three sutures between large bones join are
particularly prone, such as the Asterion and Pterion [Charles and Parker, 1905].
Under traditional models of sutural development wormian bones are effectively un-
addressed, in part because they are of little clinical significance to warrant producing
a model, and they arise at random, frustrating attempts to properly chart their de-
velopment.
The patch model provides a strong explanation for the occurrence of Wormian
bones: if each patch is a quasi-independent unit awaiting organising signals then
each Wormian bone may represent a single unit that either escaped repression, mis-
takenly underwent activation to generate thickness or otherwise failed to represent
global patterning events. By extension this would imply that the sutures surround-
ing Wormian bones must arise secondarily from the presence of two structures that
are independently attempting to grow as bones.
As shown in Chapters 8 and 14, the sutures surrounding the heritable interfrontal
bone are indistinguishable from the universally conserved nasofrontal suture. This
would imply that sutures form reactively to the presence of centres of ossification,
and their positions are not independently specified. This corroborates the idea that
sutures around Wormian bones are secondary consequences of escaped developmen-
tal suppression of patches.
Wormian bones may represent the strongest evidence for the relevance of patches in
humans. Osteogenesis imperfecta is a set of syndromes caused largely by mutations
in genes encoding a number of collagens [Byers et al., 1982]. In several subtypes, and
particularly type III, a condition known as ’Significant Number of Wormian Bones’
can arise, denoting greater than 10 Wormian bones. In very extreme cases, again
most likely in type III cases, entire bones can be replaced by a mosaic of Wormian
bones [Charles and Parker, 1905; Semler et al., 2010], demonstrated in even very
early literature on the disease, as shown in Figure 15.1.
This would suggest that Wormian bones are merely patches that have attempted
independent growth and formed a suture around themselves rather than integrating
seamlessly with neighbours.
267
Figure 15.1: The extreme Wormian bone condition in Osteogenesis
Imperfecta. Huge numbers of Wormian bones are visible in this individual, in a
manner that is highly reminiscent of patches. In parts of the skull larger bones are
visible, showing that this condition arises as a result of local dynamics and not as
an unavoidable consequence of a global genetic mutation.
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15.1.2 Craniolacunae explained in the patch model
Craniolacunae are focal thinnings of the dermal bone that can occur in parallel with
numerous other conditions of skull development, such as Chiari, craniosynostosis
and hydrocephalus but also can be observed without other abnormalities [Rio et al.,
1981]. These form a very similar pattern the extreme Wormian condition of Osteo-
genesis Imperfecta, albeit in negative: only the edges of the bones remain while the
centres are thinned or absent, as depicted in Figure 15.2.
As discussed earlier, it appears that the centre of patches represents the principal site
of invasion, with horizontal expansion spreading out from these points defining the
boundaries of the patch. In the absence of proliferation however, this would result
in the depletion of the centres to the benefit of a buildup of cells at the interface
between patches. This may explain the craniolacunia phenotype as a defect of
proliferation within patches. If this interpretation is true, then this would imply
that the horizontal spreading of cells is in fact an active process of cell migration
across the plane of the skull, rather than a passive product of cells being ‘pushed’
by proliferation and migration at a point. An alternative explanation would be that
patch biomineral growth is controlled separately at the centres of patches and at the
edges. Regardless of the pathology, this phenomenon further testifies to the cryptic
modularity of the large dermal bones.
15.1.3 The Patch model gives new insight into the evolution of
micromery and macromery
The extant mammalian condition of large bones is described as macromeric, for
they are as the etymology suggests, ‘large parts’. However, the earliest known bones
displayed a micromeric arrangement, wherein wide expanses of bone are built up
from a mosaic of tesserae. The extreme condition can be observed in the Anaspid
Tolypelepis - a skull vault comprised entirely of micromeric tesserae. A common
question that arises is whether macromeric represent large derived individual mi-
cromeres, or alternatively if they are comprised of an aggregation of micromeres
with cryptic boundaries.
Under the patch model the latter would clearly be the case: the persistence of
micromere-like patterns that appear to integrate growth would strongly suggest that
macromeric bones are composites of micromeres which persist as a developmental
unit. The only change appears to be the method of integration between neighbours
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- whether it is the formation of a suture, or mixing.
The appearance of micromeres and macromeres is inconsistent and widely spread
throughout evolution and within individual animals. Zhu et al. [2013] argue that
macromery evolved within the common ancestor of placoderms and was secondarily
lost in the branch of gnathomes that gave rise to chondrichthyans and acanthodians.
Furthermore they note that focal micromery can be observed alongside macromery
even in sarcopterygians which ought to be highly derived. These structures can
be observed in extant osteichthyes such as the garfish Belone belone, which has a
micromeric condition at the opercular plate and posterior to the head (Figure 15.3).
A question raised by Zhu et al. [2013] is whether instances of focal micromery are
significant when considering evolution. As it would appear that these structures
are retained in a cryptic fashion, the answer to this question must be ‘no’. A sim-
ple developmental change appears sufficient to convert between macromeric and
micromeric conditions, and so patterns of these two cannot be particularly reli-
able when considering taxonomy. More worryingly, there exists the possibility that
sutures might be redrawn across this landscape of cryptic micromeres such that
supposedly homologous bones in closely related animals might represent develop-
mentally distinct tissue populations.
15.1.4 Summary
Patch-like structures can be observed in ancestral skulls and in parts of extant
animals alongside large bones. Furthermore they can be identified within disease
states of humans. This would suggest that patches are capable of creating the stand-
alone supernumary bones known as Wormian bones, and that the large dermal bones
present in skulls throughout evolution are in fact comprised of cryptic developmental
modules.
A uniting observation in these examples is that these seem to operate on a scale
slightly larger than patches. Wormian bones in particular can present in wide range
of sizes [Charles and Parker, 1905]. In addition, the overlapping colours of Confetti
reveals the presence of overlapping patches. This suggests that patches do act
cooperatively over a small scale even in these more particulate examples. This
furthermore proposes a simple means by which the extreme Wormian conditions
can arise, or an animal might evolve from a micromeric to macromeric form: one
need only to modify the range over which patches can coordinate themselves.
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Figure 15.2: Filamentous remnants of bone in craniolacunia is
reminiscent of patch boundaries. Under the patch model this can be
explained by the persistence of horizontal spreading to patch boundaries in the
absence of central proliferation. From El Khashab et al. [2010], reproduced under
the Creative Commons licence.
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Figure 15.3: Patch-like architecture in the garfish Belone belone. A:
Oblique profile view. While the garfish has a largely macromeric skull, but the
operculum (red arrow) has a micromeric structure. The neck region (blue arrow
and B) shows a similar morphology where the scales meet the head, with a
transition from macromeric bone, through apparently micromeric bones and into
ganoid scales. This is a specimen of Guy’s Hospital Natural History Museum, who
I thank for its use
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15.2 Comparative Anatomy of the Interfrontal Bone
In our samples were have observed the presence of an interfrontal bone, an unex-
pected feature when studying mammalian anatomy. This struture appears to have
characteristics entirely similar to the surrounding ‘canonical’ dermal bones, includ-
ing a layered structure, nested polyclones and identical suture morphology. As this
appears to be such a well-developed structure, one must investigate whether it is
conserved, or merely an aberrant occurrence.
If the interfrontal bone is indeed a genuine developmental unit of skull development,
it would be expected to have been expressed as a visible characteristic somewhere
within the diversity of life. In fact, this bone appears to be present in a very wide
range of animals, suggesting that it is conserved in some fashion in all major ver-
tebrate lineages. Broadly it is homologous to the dermally ossified dorsal surface
of the so-called ‘sphenethmoid’ complex of many animals, which is principally com-
prised of endochondral bone. Calling this dermal bone sphenethmoid is certainly
inappropriate as all ethmoid bones are endochondrally ossifying ones [Hanken, 1993].
In mammals, the ethmoid articulates with the proposed interfrontal bone via the
perpendicular plate, which is clearly a separate structure. For this reason, it is inap-
propriate to refer to this as the sphenethmoid bone in mammals, and the proposed
homology suggests that previously identified dorsal sphenethmoid surface ossifica-
tions should be re-evaluated as distinct interfrontal bones.
15.2.1 The interfrontal bone is a phenotypic trait in mice and rats
The interfrontal bone is a relatively well documented but obscure phenotypic trait
in mice, first described by Keeler [1933] and most thoroughly explored by Truslove
[1952]. This trait is particularly common in the background strain of Confetti Mice,
C57BL [Johnson, 1976]. However these bones often appear far smaller than the ob-
served sutural pattern within Confetti mice: while the cryptic sutures were observed
join the respective midpoints of the nasal bones, this arrangement was described as
a ’extremely large’ interfrontal when observed in a Patch1 heterozygote mutant
[Gru¨neberg and Truslove, 1960]. The homozygote cross of this mutant produces a
cleft face phenotype.
Independent ossifications at the glabella can be induced in rats through adminis-
1A wide deletion including Platelet Derived Growth Factor Receptor Alpha gene, not to be
confused with Patched of the Hedgehog signalling pathway
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tration of high doses of aspirin during pregnancy Mitala et al. [1984]. The resulting
bones can either span the midline, or form a symmetrical butterfly-like pair. Some of
the resulting bones exactly match the observed pattern of cryptic sutures observed
in the mouse.
15.2.2 Homologues of the interfrontal bone within birds
Ratite birds such as the ostrich (Struthio camelus), emu (Dromaius novaehollandiae)
and rhea (Rhea americanus) possess a clear suture-defined bone at the midline where
the nasal and frontal bones meet (Figure 15.4A and B). This is identified as the a
dorsal cover for the ethmoid. The fact that the dorsal surface is formed by dermal
ossification while the bulk of the ethmoid is formed by endochondral ossification
suggests that this is an association of at least two developmental units, as shown in
Figure 15.5. Given the position and shape of this bone, it is likely homologous to the
proposed interfrontal bone. Cassowaries (Casuarius spp. have large pneumatised
casque bones that cover the dorsal surface of the head. The anterior portion of this
appears to extend from the glabella, and likely represents the interfrontal bone of
this ratite.
No example of such a clearly defined interfrontal bone has been identified in the
Neoaves. The casques of the hornbills (Family Bucerotidae) likely represents an
expanded interfrontal bone in the same manner as cassowaries (Figure 15.6). Even
in species that do not have a suture-outlined interfrontal bone, within birds this
region is often thinner than the surrounding frontal bone or depressed, suggesting
that it is still present as an independently specified unit (Figure 15.4C).
15.2.3 The interfrontal bone in amphibians
While many anurans have predominantly cartilaginous skulls, hyperossified frogs
such as Triprion and some Gastrotheca species also possess a bone that is appar-
ently homologous to the interfrontal bone [Duellman and Trueb, 1986]. This bone
is described variously as the rostral portion of the ethmoid, and usually described
as the supraethmoid or more confusingly the mesethmoid, a term which is variously
applied to this extremity of the ethmoid that sits on the midline and to elements
at the centre of the ethmoid. This dermal bone characteristically develops during
metamorphosis, and thus is only present in the adult [Smirnov, 1989]. Bombina
orientalis also possesses this bone, but has a further set of supernumerary bones
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Figure 15.4: The interfrontal bone in ratite birds and neoaves. A: The
Ostrich, Struthio camelus. An additional bone is observable, with sutures to the
frontal bones and nasal bones (red arrow). The nasal bones surround this bone to
a great degree, but the sutural pattern is preserved. This is described as the
dermal covering of the ethmoid. B: This bone is also present in the closely related
Rhea, Rhea americanus (red arrow). The frontal bones are only connected by a
tenuous strand of bone, which demonstrates both the plasticity of bone
morphology and the evolutionary pressure to maintain sutural patterns. This is a
specimen of Guy’s Hospital Natural History Museum, who I thank for its use. C:
A finch of the Family Fringillidae, species unknown. There is no suture in the
corresponding position of this Neoave (red arrow), but this point of the bone is
depressed relative to its surroundings, suggesting that it still has distinct growth
dynamics even in the absence of a visible suture. A&C photographed by Tobias
Koentges, from the collection of Prof. Georgy Koentges.
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Figure 15.5: The composite ethmoid of the Ostrich, Struthio camelus. The
dermal upper surface of the ethmoid appears to be a pneumatised three-layer bone
consistent with the rest of the skull. There is a discontinuity between this and the
underlying endochondral bone (red arrows). This suggests that the dermal portion
is independently specified and ankylosed to the ethmoid, rather than emerging
from it, and furthermore is consistent with the notion that it is homologous to the
interfrontal bone. Photo kindly contributed by Dr Mike Taylor, from his website
‘Sauropod Vertebra Picture of the Week’.
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Figure 15.6: The tumescent casque of the hornbill Ceratogymna elata is
likely homologous to the interfrontal bone. Many hornbill species have a
large, pneumatised bony casque, the root of which conforms to the expected
location of the interfrontal bone. Photographed by Tobias Koentges, from the
collection of Prof. Georgy Koentges.
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termed ’interfrontals’ that form between the two frontoparietal bones during the
final stages of maturation. This trait is not universally observed: some individu-
als compete skull formation by lateral ossification from the existing frontoparietals,
while others form novel ectopic ossifications from cryptic centres within the mes-
enchyme [Smirnov, 1989]. These ’interfrontals’ are in effect akin to wormian bones,
representing secondary sites of ossification outside of the conserved pattern of spec-
ification.
The interfrontal bone is ostensibly absent in salamanders, but is present in some
caecillian genera such as Siphonops [Kleinteich et al., 2008] and Schistometopum
[Nussbaum and Pfrender, 1998], where it is referred to as the supraethmoid, der-
methmoid, infrafrontal or mesethmoid depending on author [Duellman and Trueb,
1986].
15.2.4 The interfrontal bone in lungfish
Lungfish are basal Sarcopterygians that retain several Osteichthyan characteristics.
Their skull vaults are more similar to the amphibians described above than mam-
mals, possessing the same anteroposterior arrangement of frontoparietal bones. The
Australian or Queensland Lungfish (Neoceratodus forsteri) is the most basal of the
Dipnoi subclass, and this possesses a bone on the midline at the anterior edge of
the frontal bone which is described either the dermal ethmoid, dermethmoid or EQ
bone. This bone is also present in the more derived Lepidosirenidae. The inter-
frontal bone is likely at least part of this bone, though this could also be identified
as including the nasal bones.
15.2.5 The interfrontal bone in humans
The glabella is the rarest site for supernumerary bone formation [Charles and Parker,
1905], though as Wormian bones are often asymptomatic and most deceased people
are interred without a thorough description of their skulls being taken, this does not
necessary imply a complete absence. The intrafrontal bone can be observed in some
cases of the rare heritable condition acromelic frontonasal dysostosis. This disorder
appears to be caused by mutation of the ZSWIM6 gene, and is characterised in
part by a cleft-face phenotype, similar to the Patch phenotype described in mice by
Gru¨neberg and Truslove [1960].
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15.2.6 Summary of Comparative Anatomy
A dermal element, dorsal to the ethmoid, is a broadly and possibly universally con-
served characteristic across the range of extant gnathostomes. Its representation is
highly variable, ranging from apparent absence, presence in ornamentation, occa-
sional phenotypical expression and up to ubiquitous appearance as a true bone. Its
articulations and form is also variable, commonly forming a close association with
the underlying ethmoid but appearing as part of the frontal bone in most aminotes.
These characteristics would point to a conserved element, more conserved than even
the frontal and parietal bones, that has been lost and regained many throughout
evolution. Given that its independent presence or fusion with nearby elements has
little effect on the overall fitness of the animal, there has been little selection pressure
applied to conserve or delete it and it is thus unsurprising that it has not been fixed
in the canonical register of cranial development. However its constant reoccurrence
across and within species.
More importantly, in the context of this thesis, it may represent an intermediate
module of bone development. In Chapter 9 it was observed that there is cryptic
segregation of polyclones along apparently insignificant boundaries (Figures 9.4 -
9.9). It may be that the interfrontal bone exists as such an intermediate region of
confined patches that is merely expressed as a true bone in some animals. This
does present the rather worrying possibility that the presence or absence of certain
sutures may not actually represent as reliable landmark for comparative anatomy
as previously assumed.
15.3 Reflections upon methodology
The analytical approach presented allows for interpretation of mixed polyclonal
colours. It was developed in response to the particular characteristics of Confetti:
four labelling colours, targeted to different cellular compartments. While the ap-
proach used likely represents the best means of dealing with such samples, it is
worth noting that more optimal solutions can be conceived of.
The principal problems with Confetti are that one cannot easily segregate individual
cells in silico, requiring the volumetric approach used. If all of the reporter proteins
were targeted to the nuclei, one could use existing automated cell counting software
to obtain true counts of cells. The principle of using euclidean distances is easily
compatible with discrete cell counts rather than the more nebulous ‘cell density’ I
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used. This would remove some of the ambiguity and assumptions that I inherently
had to make in order to approach a global analysis.
More reporter colours would mean better lineage resolution. The only way to fea-
sibly achieve this would be through use of multiple labelling cassettes in each cell,
resulting in combinatorial colours. This however would absolutely require the tar-
geting of all reporter genes to the same cellular compartment, as an additional
analytical step would be required to encode overlapping colours as a distinct popu-
lation. Regardless, the software developed for this thesis is largely compatible with
an arbitrarily large number of different colour channels, and would be easily applied
to such problems.
In summary, were I to attempt to re-start this project, I would attempt to use
a labelling cassette that encodes only nuclear-targeted reporters, and use multiple
copies of the reporter. However, no such reporter currently exists in a ubiquitously
expressed locus, and so this would have to be generated. That is a worthy goal, as I
have demonstrated both the relevance of interpreting mixed polyclonal populations
and a novel means of doing so. It is my hope that others will be inspired to use this
approach to investigate the polyclonal architecture of other organs.
15.4 Summary of Novel Findings
In this part I have tested the existing model of skull development and found it is
not supported by the polyclonal architecture observed. In its place I propose the
following novel observations.
1. Dermal bones are comprised of cryptic modular patches which can elaborate
locally
2. Each patch is integrated in three dimensions through invasive points, usually
linking patch centroids
3. Invasion between layers is predictive of the thickness of biomineral growth, and
that there are at least three stages of patch development involving changes in
invasion between layers
4. Patch development allows for local definition of thickness growth and cell
density changes
5. There exists the possibility for intermediate organisation within bones, and
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the cryptic persistence of ‘bones’ lost in evolution, such as the interfrontal
bone, as a part of the developmental program
6. Sutures are not themselves generative regions of the bone, and lateral spread-
ing of cells is possible in any part of the bone
7. Muscle attachment regions contain polyclonal attachment progenitor popula-
tions which elaborate from a small precursor population and integrate into
both muscle and bone to establish an enthesis
These findings are likely to be of particular importance when considering craniosyn-
ostosis: if the sutures are relatively passive structures then they must be sustained
by some signal that likely fails, leading to premature fusion. As we have identified
the true dynamic modular units of dermal bone, these can be further investigated
in order to identify potential mechanisms for suture preservation. This could po-
tentially lead to a medical intervention for premature suture fusion rather than the
surgical methods currently employed.
As in the previous part, cryptic modularity has been observed. The two parts shall
be summed up in the next Chapter.
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Chapter 16
Concluding Remarks: Common Themes in
the Polyclonal Architecture of the Jaw, Teeth
and Calvaria
In this thesis random lineage labelling, has been used to explore two distinct parts
of the head: jaws and teeth, and the calvaria. In both, cryptic polyclonal compart-
mentation has been demonstrated. In the jaw, we observed that teeth and alveolar
bones form cryptic modules distinct from the jaw. Within the calvarium cryptic
polyclonal modules of large dermal bones were observed. A key difference is that
the modularity of the jaw is apparently based upon long-range migration, while
in the calvarium modularity arises from local polyclonal dynamics, with the only
currently discernible active migratory process being invasion between layers.
As well as finding cryptic polyclonal divisions within anatomical structures, common
lineages have been demonstrated across anatomical boundaries. The observation of
small polyclonal groups in entheses giving rise to both bone-integrated anchors at
one end and muscle-integrated tendons at the other not only solves an old develop-
mental question, but greatly informs ongoing attempts to better integrate synthetic
or prosthetic bone in vivo. This apparent presence of a distinct anatomical bound-
ary within an apparent develpmental module is exactly mirrored in the modular
tooth-and-casket modules observed in the jaw. Generally, one may start to doubt
classical anatomical divisions, as the absence of a physical boundary does not seem
to necessary imply the absence of a developmental division, and the presence of a
clear anatomical boundary does not seem to necessary imply the meeting between
two developmental modules.
The limitations of the approach used are that because I worked on fixed tissue,
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the techniques are still divorced from the temporal dimension. While migrations
of cells may be the only parsimonious explanation for how putatively distal cells
end up in a proximal territory, the nature of these movements cannot be surmised
from static tissue. Ultimately, these observations provide a road map for future
live cell imaging, which shall reveal the true nature of the development of these
structures. This does not however undermine the value of the analyses developed
in this thesis: as well as being transferable to lineage labelling experiments in other
structures, the calvarium and jaw can be further investigated by using Confetti as
an analytical background into which gene mutations can be bred. The tools used
here are fundamental to our ability to assess complex polyclonal information, and
greatly expand the potential applications for random lineage labelling
The unexpected identification of cryptic polyclonal modularity in both regions demon-
strates that development works by dynamic elaboration, rather than simple imple-
mentation of an early defined program. It is a human trait to desire to reverse-
engineer developmental programs from the perspective of a rational ‘designer’, which
invariably leads to elegant and parsimonious models. However developmental pro-
grams are the product of a complex evolutionary history, and as biologists we must
prepare ourselves to challenge other widely accepted tidy models when faced with
the true complexity of life.
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Appendix A
Technical Information, Methods and
Materials
A.1 Animal Work
A.1.1 Husbandry
Animals were housed, reared and maintained by the BSU at the University of War-
wick. All procedures were carried out in accordance with the Animals (Scientific
Procedures) Act 1986 including the 2013 updated regulations. The reported days
of embryonic development were calculated from timed matings.
A.1.2 Generation of Wnt1-Cre x
Gt(ROSA)26Sortm1(CAG−Brainbow2.1)Cle/J Mice
Wnt1-Cre is a widely described marker for the dorsal neural tube, and thus the
neural crest.
Gt(ROSA)26Sortm1(CAG−Brainbow2.1)Cle/J (Confetti) mice were obtained from Jack-
son Laboratory, where they are held as stock 013731. Wnt1 mice were crossed with
Confetti mice and desired offspring identified by fluorescence within the skull.
A.1.3 Generation of Hand2-Cre x
Gt(ROSA)26Sortm1(CAG−Brainbow2.1)Cle/J Mice
The Hand2-Cre line possesses a 7kb upstream promoter region [Ruest et al., 2003].
Mice were originally provided to the lab by David Clouthier. Hand2 mice were
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Table A.1: Details of Mice Used
Cre Driver Age Sectioning Diagram Figures
Hand2 E10.5 N/A 3.5 and 3.6
Hand2 E14.5 3.1 3.7 and 3.8
Hand2 E16.5 4.1 and 5.1 4.2, 4.4, 4.5, 4.6, 4.7, 4.8 and 5.11a
Hand2 E16.5 4.1 and 5.1 4.3 and 5.14a
Wnt1 E18.5 5.1 5.2a and 5.8a
Wnt1 E18.5 5.1 5.5a
Wnt1 E18.5 5.1 5.19a
Wnt1 P0 5.1 5.17 and 5.18
Wnt1 P0 N/A Sample A in Part II
Wnt1 P0 N/A Sample B in Part II
a PCA Figure. Also has associated PCA map and plots.
crossed with Confetti mice as described above, with desired offspring identified by
fluorescent jaws.
A.2 Dissection
The mother was euthanised in accordance with all relevant regulations by cervical
dislocation. Dissections were performed in PBS. Foetuses were removed and ex-
amined for the desired fluorescence. Desired tissues were removed and processed
accordingly.
A.2.1 Processing of Whole Calvaria
The calvaria was liberated from the head by removal of the epidermis and circum-
ferential dissection of the nascent bone. Incisions were made into the posterior of
the calvaria in order to allow for easy flattening. Samples were fixed for 45 minutes
in 4% PFA. The SeeDB protocol was carried out as described in Ke et al. [2013].
A series of sucrose (Sigma Aldritch, UK) solutions were prepared: 20%, 40%, 60%,
80% and 100% weight to volume, and a saturated solution, each with 0.5% thioglyc-
erol (Sigma Aldritch, UK). Samples were incubated in the first three solutions for 4
hours each, followed by 12 hour incubations in the 80% and 100% solutions and 24
hours in the SeeDB saturated solutions.
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Samples were mounted in the same SeeDB they had equilibrated with. Silicon grease
was used to support a coverslip, which was gently pressed onto the sample in order
to flatten it. Tape was used to maintain pressure on the sample, which was also
sealed with nail varnish. Imaging was conducted immediately after mounting.
A.2.2 Processing Samples for Sectioning
Samples for sectioning were immersed in Optimal Cutting Temperature medium
(TissueTek, VWR), rapidly frozen and stored at -80◦C. Cryosectioning was per-
formed on OTF 5000 Cryostat (Bright Instruments, UK) at a thickness of 15-20µm
. Sections were fixed for one minute in 4% PFA. Samples were counterstained with
1:1000 DAPI (Invitrogen) for 5 minutes unless where otherwise noted. Mounting
was done in Mowiol.
A.3 Simulating the founder effect in Confetti
Because Confetti colour labelling is inherited, the probable founder population size
can be surmised from the variety of colours within a group of cells. Low variety (1
or 2 colours) implies a small founder population, as the probability of independently
labelled cells randomly all adopting the same 1 or 2 colours is inversely proportional
to the size of the population.
Calculating the actual probability of different Confetti outcomes in a group of in-
dependently labelled cells is only simple if all colours have equal likelihood. As this
is not the case, deterministic calculation of the probability all possible outcomes
became very complex and an unnecessary challenge. A simple Monte Carlo method
was used, as the absolute accuracy of these calculations is not critical, and the ‘law
of large numbers’ should provide reasonable accuracy. Populations of ‘cells’ were
generated, represented by random numerical arrays. A scale was defined based on
the probabilities of each Confetti colour as observed in Figure 8.1. These random
arrays can then be translated into a result, and classified based on the number of
different coloured ‘cells’ randomly generated.
This is performed iteratively, the resulting mixtures tabulated and an observed
probability taken. Enough iterations will tend towards the true probability, and
so 107 iterations were performed in each case. This was performed for arrays of
increasing length (representative of different starting populations) to give the overall
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model. The output is the observed probability that a population of independently
specified cells will contain cells of 1, 2, 3 or 4 different colours.
A.4 Extending Stitching within ImageJ/FIJI
Preibisch et al. [2009] describes the image stitching software that comes packaged
within FIJI [Schindelin et al., 2012]. This valuable tool underpins many experiments
which rely upon gaining large-scale high resolution images by taking many tiles and
integrating them into one [Susaki et al., 2014; Ragan et al., 2012; Fietz et al., 2010].
This software relies upon making pairwise comparisons between stacks using the
Fourier transform (=)-based phase correlation method described in Kuglin [1975].
From the pairwise overlaps an overall best-fit set of coordinates for each tile can be
generated, and the images stitched together.
Broadly speaking, there were formerly three options of how to attempt this image
assembly. If exact positions for each tile were stored appropriately in metadata, then
these could be used (Stitching by ‘File Defined Positions’). If images corresponded
to known positions in a complete grid, then this could be used to match each tile
to its neighbours (Stitching by grid). Finally, if exact positions were unknown and
images did not correspond to a complete grid, the last option is to compare every
tile to every other tile (Stitching by ‘Unknown Positions’). This is obviously the
least efficient method, taking the maximum amount of time - the triangular number
of the count of tiles multiplied by the time for each pairwise comparison. Also it can
lead to inappropriate stitching, wherein tiles from very different parts of the sample
may erroneously have a better match than actually adjacent tiles, usually due to an
exact correspondence of empty space.
Many of the images in Part I were taken on a Zeiss LSM 710 without motorised
stage. While this is an excellent microscope, it was beneficial to add a novel option to
the stitching software, allowing for concatenation of sequential images. While stage
position is not saved, file structures preserve the order in which images are captured.
If each tile is captured with a small overlap to the previous one, it is possible
to resolve a complete stitched image by simply attempting to find correspondence
between one image in a sequence and the next.
Due to the open source nature of FIJI, this was relatively easy to accomplish. The
stitching plugin does literally assemble a list of comparisons it intends to make, and
so the problem was elegantly solved by adding an additional list-forming algorithm to
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implement sequential stitching. This is implemented in such a way that comparisons
could be made any number of tiles ahead in the sequence.
In practice this is unnecessary below perhaps 10 tiles, where stitching by Unknown
Positions does not represent a large time burden. Some images used here are much
larger, consisting of many tens of tiles. These were imaged in a serpentine fashion,
manually scanning back and forth across the sample. Due to the pairwise com-
parison, errors accumulate between rows of tiles. Fortunately the stitching plugin
creates coordinate text files which can then be used to attempt stitching by file de-
fined positions described above. This two-stage stitching approach is still extremely
fast compared to stitching from Unknown Positions in situations with large numbers
of tiles.
This code was submitted to the original developer Stephen Preibisch and now forms
part of the core FIJI distribution.
A.5 Principal Components Analysis as a means for
interpreting Confetti data
Principal components analysis is a technique for condensing multi-dimensional in-
formation into a more easily interpreted two or three dimensions [Pearson, 1901;
Hotelling, 1933; Jolliffe, 2002]. Data points that have information for n charac-
teristics can be plotted in a new coordinate that best exhibits the discriminatory
differences across the data. This is achieved by identifying the direction through the
initial n-dimensional space in which the variance of the data is the largest, which is
taken as the first principal component. The direction perpendicular to this with the
largest variance is taken as the second principal component, and so on until n prin-
cipal components are plotted. Plots can then be produced of each points position
relative to the axes of the principal components. In practice, this reveals the most
important differences between parts of the sample, and highlights the most different
regions.
Given three regions of the same image with different heterogenous Confetti compo-
sitions, it is difficult for a human observe to intuit which two regions might be more
similar to each other. PCA allows for the encoding of these four-dimensional colour
components into their most discriminatory factors. Furthermore, the software devel-
oped for this purpose allows for the re-encoding of the principal component results
as an image, giving an anatomical spatial context to the theoretical colour space
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explored.
A.5.1 Pre-analysis steps
The approach described below requires very little image pre-processing relative to
methods described later in this thesis. However care must be taken to select an
image that is appropriate for PCA analysis. There are two further steps that must
be performed in order to allow for analysis: thresholding and masking.
Image selection
PCA is only appropriate for images where it can be reasonably assumed that there
are indeed several polyclonal regions. PCA describes only relative differences, and
without an ‘outgroup’ or comparison region, misleading results may be produced.
The first principal component will always describe the most significant source of
variation across the image, whether this represents differences between discrete poly-
clonal systems or variation within one region. Furthermore, if too many independent
polyclonal populations are present then the PCA becomes less informative. Confetti
creates a random labelling, and given enough pixel samples all physically possible
points of the Principal Component space will be occupied, confounding attempts to
meaningfully plot maximal variance. For this reason, all images analysed with this
method consisted of a maximum of two adjacent teeth and the associated bone.
Binary definition of pixel identity
When considering cell identity, the intensity of labelling is irrelevant: a strongly
fluorescent YFP+ cell is as informative as a dimly fluorescent YFP+ cell. This rule
extends to pixels: a pixel either does contain part of a cell that is labelled or it
does not, and so a binary definition of colour is required. A threshold can be set
independently for each colour channel to segregate labelled cellular material from
non-labelled background. This threshold was set manually by visual interpretation,
though the software developed does not preclude use of a true binary image such as
that provided by auto-thresholding plugins. This threshold is usually sufficient to
remove any bleed-through fluorescence or other undesirable artefacts.
It would be possible to count actual numbers of cells rather than use a proxy, but
the use of area to estimate cell density is preferable to cell counting methods in
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this instance. If one assumes roughly uniform cell size in a particular region of an
image, then image coverage by cells is directly proportional to the number of cells.
This coverage is also not localised to a particular pixel, which would be necessary
if working from existing cell-marking tools. The ‘location’ of the cells would thus
be determined by human subjectivity rather than a true representation of cellular
material in the tissue. Cell counting is also prone to human error and far slower
than thresholding.
Masking and channel preparation
Some care must be taken regarding the channels of the image. All channels that do
not contain Confetti information must be removed prior to analysis, as the software
is developed to treat all but the last channel as input information for the Principal
Components Analysis. The final channel must contain a mask. This mask image
consists of pixels with the value 0 for regions of the image that are to be ignored,
and pixels with a value above 0 for regions that are to be analysed. These non-zero
values further act as an index for later interpretation, and can also be used to define
discrete regions of analysis, as described in the next section.
A.5.2 Regional quantification of colour proportions
In order to compare populations of cells areas of pixels must be encoded into a single
value. This value represents the abundance of each colour within a region (‘the
evaluated area’) around a single point in X and Y (‘the evaluated point’). Therefore
an approach was required that would evaluate areas within a certain distance from
each pixel, and encode the colour proportions as a corresponding pixel in a new two
dimensional image, termed a ‘Colour Map’.
Obviously a metric that uses a roughly circular search area is the most appropriate,
as this allows pixels to be evaluated evenly in all directions. A simple radius-based
approach is however not sufficient: were all of the pixels within a simple radius to
be evaluated equally, the net effect would simply be to reduce the resolution of the
original image by propagating the information of each individual pixel over an area.
It was deemed appropriate to include a bias that would give greater weight to pixels
closer to the evaluated point than those further away. This allows the evaluated
area that is nearest to the evaluated point to have the greatest influence on the
value encoded: in effect a weighted average of the evaluated area. A Gaussian or
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Normal distribution of weights was chosen for this purpose, due to its profile that
gives greatest weight to values closest to the evaluated point, its general acceptance
in the field of image processing and its ready availability in existing programming
packages. Other distributions could conceivably be used to similar effect: a Lorenz
or Cauchy distribution would give greater weight to the periphery of the evaluated
area. This procedure is in effect a Gaussian Blur, but taking a binary map of images
rather than a map of intensities as an input.
Implementation of the Gaussian Blur sampling filter
A Gaussian Blur is a kernel operation: an array is generated that describes the
weights of each pixel surrounding (and including) the evaluated point. This ‘kernel’
is then overlaid onto each pixel and the new value calculated by multiplying the
original image value by the corresponding kernel weight, and adding up the products.
Kernels can have any number of dimensions. A multi-dimensional Gaussian blur is
a separable filter, in that calculating a 2D kernel and applying it to every pixel
in an image has the same effect as creating a 1D linear kernel, blurring in one
direction (such as the X direction) and then subsequently blurring this image in the
Y direction. The latter option is far more efficient: if we take the width of the kernel
to be s then to use a 2D kernel requires s2 calculations per pixel, whereas to use a
2-pass 1D Kernel requires only 2s calculations per pixel.
The kernels used in this study are generated by the existing ImageJ GaussianBlur
package. The key variable in performing a Gaussian blur is the σ (sigma) value,
the standard deviation of the distribution which in effect determines the size of the
search area. Smaller values preserve finer details of the original data, and larger
values are useful for sampling larger areas efficiently. As such, this variable is user-
definable in the software developed for this study, and there is also a facility for
performing multiple blurring operations on the same image varying the σ, bypassing
the need for repeating the other upstream processing.
Two variables for Gaussian kernel generation that are hard-coded and not user-
definable are the ‘accuracy’ value and the maximum width. The maximum width is
how large the kernel can be permitted to grow: this is set to the largest dimension of
the image, width or height. This is in effect no limit at all: pixels outside of the image
would not be used in calculations anyway. The ‘accuracy’ value defines the minimum
cutoff value for the kernel: in effect how ’thin’ the tails of the distribution can get
before the computer ceases to attempt to model them. Without this limit, the
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width of the kernel would effectively be defined by how accurately the computer can
model a floating-point number, creating a distribution with long but mathematically
inconsequential tails. This would decrease program performance without providing
any benefits. To ensure accuracy, the floor of the Gaussian Distribution was set to
1×10−4. These two settings ensure functionally ideal accuracy of the Gaussian blur
operation and preserve program performance..
Edge Handling
Edge handling is an important concept in kernel operations. With no information
beyond the edges of the image, it is impossible to perform a true gaussian blur and
so some compromise must be made. This is of particular importance given that the
tissue regions defined by masks may be irregularly shaped, and so out-of-bounds
areas exist in many parts of the image. Common ways of approaching the problem
are either to duplicate the value of the edge pixels, or to simply crop off all parts of
the image for which the kernel cannot fully lie within the image boundaries.
The duplication method is inappropriate for a binary image, as in effect one would be
defining the edge region’s identity almost entirely from the edge pixels which may not
be representative of the area that lies within the image. A sparse cellular population
that lies exclusively on the boundary of a masked region would be artificially inflated
by duplication of its presence into the masked region. The effect of duplication
methods is to create a monotonous background near borders. The crop approach is
likewise undesirable as it may be that very few areas of the image would actually
be represented in the final output due to the presence of irregularly shaped out-of-
bounds masked areas.
An alternative to these two methods was developed which estimated the true rep-
resentation of the Gaussian distribution in terms of available pixels. As discussed
above, a Gaussian Blur is in effect a weighted average, and there is an implicit
division by 1 (the product of all weight values in the kernel) when calculating the
final result for a pixel. An additional image channel was used to tabulate how much
of the kernel lay within the analysis bounds, in effect the residual weight of the
distribution. This value was then used to divide the weighted sum of pixel values to
give a true result. This produces a Gaussian Blur where the edges do not appear to
have any particular discrepancies at the periphery of masked regions, which implies
this is a good approximation for calculating regional proportions of colours.
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Use of the mask as a delimiter
An option within the software allows for the blur to be terminated at the bound-
aries of differently indexed mask regions. This is achieved by treating each masked
region as an individual image, and then re-constructing a composite with each of
the different blurred regions. The resulting colour map has sharp boundaries at the
edge of each region. This feature is very useful when examining very thin masked
regions, as it ensures that the different areas will not be blurred into one another.
However, without this option enabled, sharp boundaries within the PCA can only
arise from true biological interfaces of remarkably different populations. For that
reason, this option was not used for any part of this thesis.
A.5.3 Normalisation
Following the blur-based sampling, normalisation must be performed. This can
be very important within PCA, as without it whichever dimension has the greatest
magnitude is likely to be detected as the source of most variation. However, deciding
the approach to normalisation is non-trivial. The plugin developed allows for very
flexible options, and the rationale behind the options used within this thesis is
discussed here.
Normalisation within each pixel occurs first
Each pixel in the Colour Map represents a number of cells, convolved into a single
identity. Local variation in cell density has a large impact on the sum of these
numbers. For this reason, normalising the product of the four colours in each pixel
should be conducted first in order to remove cell density bias. This is achieved
by scaling each relative colour contribution in each pixel such that their product
becomes 1.
Normalisation within each colour reveals the most discriminatory differences
Following the initial pixel normalisation, the resulting magnitude of an individual
colour channel might be quite small. However a trebling of a very small and rare cell
population, such as the green labelled cells of Confetti, is far more significant than
a change of the same magnitude in a very dense cell population. Thus the values
for each colour are normalised across every pixel within their respective channels.
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A.5.4 Implementation of the PCA
PCA relies heavily on matrix mathematical operations, and as such mostly relies
on the functions of JAMA, a numerical linear algebra package [Hicklin et al., 2012].
The first step of PCA is to compute a correlation or covariance matrix of each char-
acteristic within the sample. These give non-identical results, though in practice
the analysis highlighted the same characteristics within the sample. The correlation
matrix was used for all PCA within this thesis. The eigendecomposition of this ma-
trix is then computed, which represents the individual weighting that each Confetti
colour channel has with respects to each principal component. By multiplying these
weights by the respective proportions of each colour for a pixel in the sample, the
position of that pixel within principal component space can be found and tabulated.
A.5.5 Generation of a PCA Map
The tabular data produced by the PCA plugin can easily be interpreted with use
of R [R Core Team, 2013], using relatively simple dot plot and bar chart functions
[Wickham, 2009]. The generation of a PCA map is also relatively trivial: the PCA
results are translated from their native scale into an 8-bit scale and written into an
image. The interpretation of this is however non-trivial. Within PCA, the difference
between 0 and -1 is as important as that of between 0 and 1. The direction of this
scale is entirely arbitrary. However, in the colour scale, only one end of each principle
component scale can be faithfully reproduced. For this reason, a significant caveat
should be noted: mutual absence of a colour within the resulting PCA maps does
not necessarily imply similarity. As such, these illustrations should be used solely
for context alongside the standard dot plots of PCA analysis.
A.6 Imaging, processing and segmentation of calvarial
images
A.6.1 Automation of imaging
The microscope used for this study was a Leica SP5, which is operated by the Leica
Application Suite Advanced Fluorescence (LAS AF) software, version 2.7.3.9723.
The robotic stage on this instrument allows for automated scanning of many lo-
cations sequentially. The software has two modes of automation. A rectangular
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grid of stacks (termed ‘tiles’) can be generated quite easily: this requires setting a
minimum of two points, after which a rectangular grid of tile coordinates will be
generated that capture these points, and all intervening space. Alternatively the
user may specify individual tiles of interest manually through the ‘Mark and Find’
interface.
Both of these options are insufficient to properly scan a large and complex sample.
A grid may cover the sample, but unless the sample or are of interest is rectan-
gular, large parts of the scanned image will be empty or redundant. Due to time
constraints, this was not acceptable. Similarly, while the Mark and Find interface
allows for the necessary degree of flexibility, the manual selection of more than 100
stacks necessary to cover a calvaria would take too long to be practicable. An alter-
native solution was necessary in order to permit the scanning of large samples such
as those described in this study, specifically the ability to de-select parts of a grid
prior to scanning.
Scanning of a partial grid in LAS AF
An exploitable feature of the Mark and Find interface is that the user-defined posi-
tions can be saved to disk and reloaded. The file is saved in a format called ‘.maf’
(mark and find), but are really simply XML (eXtendable Markup Language) text
files. This is a format that is commonly used to save data in a format that is useful
for programs, and it is commonly used for storage of the Objects of Object-Oriented
languages. In brief, this file defines blocks of text that describe the user input, and
all of the various settings necessary to instruct the scanning of a particular stack at
a particular stage position. This format is partially obfuscated, but it was possible
to create a program that could generate new ‘.maf’ instruction sets from relative
image positions.
In order to do this, first a simple 2D image of the whole sample must be taken, which
is easily accomplished by using the grid scanning feature of LAS AF with transmitted
light (bright field) imaging. The built-in stitching features of LAS AF are sufficient
to connect these images into a large overview of the sample. The coordinates of the
points defining the outlines must be known, and saved within a ‘.maf’ file, which
in practice means defining the points first within the grid scanning interface, and
then immediately storing them in the Mark and Find interface without moving the
stage. As the ‘.maf’-encoded settings of the extremities of the image are known, a
new .maf-encoded coordinate can be calculated for any position in the image.
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Software was developed that allowed ImageJ/FIJI to take the overview image, cer-
tain values from the corresponding ‘.maf’, and the user-defined settings of grid
overlap to generate a predicted virtual grid, which can be displayed on the image.
This grid represents the same feature as the grid scan of LAS AF, with the added
ability of allowing the user to click on any tile for which scanning is not required. As
an added feature, the time required to scan a single stack can be used to estimate
the total scanning time required for the currently selected tiles. This allows for the
selection of an appropriate number of stacks to fill and not exceed the available
time on the instrument. Once the user has selected the appropriate scanning area,
a ‘.maf’ can be generated and loaded within LAS AF. If operated correctly, the
tiles defined within ImageJ correspond with the sample with sufficient precision to
ensure scanning of the desired area of the sample. Each tile is automatically titled
to reflect its position in the grid of images, for example the output image stack
‘(02,03)’ would represent the tile in the third column, and fourth row.
Image stack settings in a large scan
It is possible to use the same stack definition for each tile. A stack is defined by a
start and end position in Z, and the step taken between each slice, which defines
the number of optical sections taken: conversely, the number of sections can be set,
defining the step size. This is however less than optimal: it was found that one end of
the sample was invariably at a different depth to another along the anterior-posterior
axis of the sample. This could be due to a slight misalignment of the stage, or a
product of mounting. If the same stack settings were to be used for each tile, then
a very large stack would be required in order to capture the whole sample, creating
a cost of time and increasing photobleaching (Figure A.1A. In order to circumvent
this, a feature was added to the software described above which allows the user
to define different start and end positions for the extremities in the X dimension,
which was deliberately and invariably aligned with the anterior-posterior axis of the
sample.
The number of sections and the step size are required to be invariant: stacks of
equal size are taken at different depths along the anterior-posterior axis. Given the
depth of this standard stack at the most anterior part of the image, and the depth
at the most posterior part of the image, the depth was interpolated across the the
grid (Figure A.1B). This optimised the size of the stack and thus the number of
stacks that could be captured in a single imaging session.
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Figure A.1: Optimisation of scanning depth. A sample (yellow) which is not
parallel to the axis of stage movement can still be covered in the Z (depth)
dimension by overlapping scanning fields (red boxes). A: If the same stack settings
are used for all points of a grid, the start and end in the Z dimension must be
widely spaced. This increases scanning time and photobleaching. B: By stacks at
both extremities of the axis, the start and end of the stack can be interpolated for
each point along the axis, represented by the blue dashed line. This allows for a
narrow stack, quicker scanning and less photobleaching.
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A.6.2 Stitching of stacks
The output from the imaging regime described above is a collection of stacks that
represent known positions in a partial grid, defined by their titles. The Grid/Collec-
tion Stitching suite as described in [Preibisch et al., 2009] and discussed in Appendix
A.4 was used to recompile these into a single stack. As before, there is no immediate
built-in tool for performing the necessary operation demanded by our experiment.
However, the positiosn of the tiles in the grid are known even though the whole grid
is not represented. Thus the best solution for stitching tiles from a partial grid is to
define their approximate positions in a software-interpretable ‘TileConfig’ file, and
to use ‘Positions from File’ mode within the software.
A ‘TileConfig’ file is a plain-text list of image files and their X,Y and Z coordinates
in the final stitched image. These files are created as a secondary output of any
stitching operation. When used as an input, images which are known to overlap due
to their relative positions and sizes can be compared. A rough ‘TileConfig’ can be
easily generated by taking the titles of the images, and multiplying their coordinates
by the size of the image tiles in pixels, subtracting the overlap. This is sufficient to
identify for the stitching software which tiles should theoretically overlap, and thus
require comparison. No Z coordinate is given: this is calculated later.
While the Grid/Collection Stitching package can use virtual images to enable ex-
amination of very large datasets with limited computer memory, this was still in-
sufficient to allow for the stitching of entire stacks at once. Individual channels had
to be separated. Two channels could be stitched at once. In order to create an
accurate ‘TileConfig’, with calculated Z coordinates, the Red and Green channels
were used for image registration. This created a full and accurate ‘TileConfig’ that
was then used to stitch all other channels, simply by applying the coordinates in
transformations without calculation.
On occasion it was necessary to manually edit these configuration to remove tiles
that were obviously mislocated: usually this was due to an empty or out-of-focus
stack failing to find any similarity to its neighbours and thus defaulting to the origin
location of the image. This is accomplished simply by removing that tile from the
‘TileConfig’ file.
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A.6.3 Pre-Analysis processing
Raw images are insufficient for analytical purposes: they contain noise, bleed-
through, background and reliable discontinuities that create visible defects in stitched
images. A pipeline of pre-analysis processing was devised to create reliable ’cleaned’
images for analysis.
Lateral Correction of discontinuities in Field Illumination.
When large stacks of low magnification are taken with a confocal microscope and
then stitched together, the boundaries of the original tile are still visible. This is a
reliable and predictable discrepancy: the same regions of the image are attenuated
to the same degree in each tile, across each colour. This phenomenon is described
in Zucker and Price [2001] as a discrepancy in Field Illumination.
To correct this, for each sample every slice in every tile in the dataset was summed
together into one 2D picture and blurred with a large sigma (40 pixel) Gaussian
blur to give four summed images: one for each colour channel. Each pixel in these
images was then used to divide the average intensity of the summed and blurred
to give four new images which mapped the degree by which each pixel deviated
from the average. Every tile in the dataset was then multiplied by this map to give
corrected images which when stitched together did have far better continuity along
patch borders.
The use of an image that has been summed across all tiles rather than a reference
slide means that we are addressing the actual dataset rather than a proxy. Each
dataset consists of a minimum of 19000 z-sections. By making the assumption that
no region of the individual image tiles has any particular bias for intensity, we can
generate a true map of Field Illumination discontinuity.
Removal of noise, background and bleed-through
Raw images still contain significant background. This was removed by the Rolling
Ball background subtraction method in FIJI. This plugin relies on an approach de-
scribed in Sternberg [1983]. A 50 pixel radius was sufficient to remove background.
Further background removal and bleed-through between channels was corrected us-
ing the Spectral Unmixing plugin by Joachim Walter. An unmixing matrix was gen-
erated by establishing cutoff values in each image channel for the four fluorophores
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and the background fluorescence. The plugin was modified to facilitate batch pro-
cessing of our datasets. The resulting images contained significant pixellated noise.
This was removed with the ’Despeckle’ filter. Following these procedures, the images
were stitched as described previously.
Focussing of Bright Field
The brightfield channel of each tile was of little use due to the highly contoured
surface of the bone. This meant that for each slice only part of the image would be
in focus. Fortunately, software exists to extract only focused parts of each slice and
combine them into one focused image. The Stack Focuser ImageJ plugin by Umorin
[2006] was used to accomplish this. Each tile was subjected to stack focusing prior
to stitching from the same coordinates used for the colour channels. The resulting
images are sufficient to show elaboration differences across the samples.
A.6.4 Delamination segmentation
The three layers of bone are central to this study, but are difficult to access for
analytical purposes. There is currently no reliable and easy way to automatically
determine where one layer ends and another begins, so manual segmentation of the
images was necessary. To accomplish this, I created a segmentation tool for FIJI
called Delaminator which allows the user to add modifiable non-destructive linear
grid overlays to successive cross-sections of stacks, which can then be interpolated
to extricate image stacks which contain only one layer of bone. These can then
be analysed and compared. The operation and implementation of this tool are
discussed in this section.
Delaminator initiation
Upon launching the plugin, the user must navigate a simple setup interface, shown
in Figure A.2A. When starting a new Delamination procedure, the first step is to
decide upon three key variables: the number of lines, the spacing of the grid in pixels
and the degree of Z-scaling to apply for the interface. Lines describe the boundaries
between layers. Our approach used six lines, thus segmenting our image into seven
compartments:
• Empty image above the sample
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• Tissue above Layer 1
• Layer 1
• Layer 2
• Layer 3
• Tissue below Layer 3
• Empty image below the sample
While deciding the number of lines is a facile task, choosing the grid size is not. A
larger grid size will be less accurate and unable to properly follow the contours of
the tissue, but a small grid size can make segmentation unfeasibly time-consuming
owing to the number of points which must be manually placed. For the calvaria
in this study, a grid size of 40 pixels was deemed a sufficient compromise between
these two considerations.
The degree of Z-Scaling is a purely cosmetic interface feature. During Delamination
the user must inspect YZ projected cross sections of stacks. By default, one optical
section will be represented by one row of pixels in this projection. This scaling
feature allows for multiple rows to be used for a single optical section, stretching
the image in the Z-dimension. This can be beneficial if the XY scale of the image
is far greater than the Z scale, and allows the user to correct what would otherwise
be a very flattened image. This feature is entirely superficial and the program still
saves the Z-coordinates of each dropped point as true locations, removing the scaling
factor.
Loading and saving Delamination data
Naturally there are facilities for loading and saving the points and overlays created
in Delamination. The .delam files created by the Delamination interface described
below can be loaded by the setup interface. These files consist quite simply of
comma-separated-values that describe each line as well as some metadata to allow
for reloading of settings.
Working directly on a very large file such as our approach requires is not recom-
mended: this will require a large amount of RAM or tolerance of the slow loading
times inherent in using Virtual Images. Furthermore, the process becomes more
vulnerable to crashes if one forgets to save, and to approach an entire stack as one
monolithic task is psychologically daunting. For this reason, macros were created
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that split the main stack into several thin strips, representing 5 cross-sections. To
allow for continuation onto the next strip where the last left off, there is a ’Load
Last Only’ feature within the setup interface that will retrieve the final cross-section
overlay from a loaded file. Complementary tools to allow for concatenation of De-
lamination files were also created.
A.6.4.1 The Delamination interface
Once a Delamination file is initiated or loaded, the main interface will be displayed.
This consists of two parts: a Delamination Window (Figure A.2B) and a control
panel (Figure A.2C). One line (implemented as a Polyline ROI) can be selected in
the control panel, at which point the regularly spaced vertices that describe it will
be displayed along the line in the window. Clicking at any point in the image will
move the nearest vertex to the cursor, and this vertex will then instaneously snap to
a position described by three restrictions. First, the coordinate of the vertex along
the X-axis of the Delamination window will be reset to its original point as defined
by the grid. Then its Y-coordinate in the Delamination window (the Z-axis of the
dataset) will be evaluated against the corresponding vertices in the adjacent lines,
and moved to ensure that the lines never cross. If the new vertex is above the line
above it in the window then it will snap to that higher line, and vice-versa for lines
below. This process allows for rapid creation of line shapes from single clicks. It is
also possible to transpose the entire line instantaneously by clicking and dragging,
though this is often undesirable.
The control panel is largely self-descriptive. The ‘Next’ and ‘Previous’ buttons
control which cross-sections are to be examined. ‘Save’ creates a new .delam file.
‘Process’ initialises the segmentation procedure described in the next subsection.
‘Change Colour’ allows the display colour of a Delamination line to be edited. ‘Undo’
will revert the last modified line back to its state prior to the last modification: this
feature only works for one modification. The check box ‘Delaminate to Disk’ controls
whether the output from ‘Process’ will be displayed within the program or saved
slice-by-slice to the hard drive, which is necessary for larger images.
Upon progressing to the ‘Next’ cross-section, the overlay lines from the previous
cross-section will remain. These act as a starting-point for the next overlay, so that
only minor modifications will be necessary. This behaviour only applies if the cross-
section in question has not been annotated previously: moving to a cross-section
that has already been visited will load the previous lines.
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Figure A.2: Delamination plugin interface. A: The initiator interface. B:
The Delaminator Control panel which controls the Delaminator Window. C: The
Delaminator Window, showing six editable lines forming an overlay on a
cross-section of an image stack.
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Once the user has defined the layer locations for each cross-section of the image,
a final .delam file can be created which in effect describes a set of image-wide two
dimensional segmentation boundaries described by their vertices in Z. This allows
for the segmentation of the original stack into its constituent layers.
Delamination output
In order to segment the original stack, the vertices described in the final image-wide
.delam file must be interpolated to work out the precise points of segmentation for
each layer at each point in X and Y. The interpolation used is a bilinear interpo-
lation of the thickness of each layer, thus achieving the same result as a trilinear
interpolation. First, the thickness of each layer is quantified at each point in the
segmented grid - as the order of the layers is invariant then this unambiguously
describes the information that the user has provided. A ‘Segmentation Map’ is cre-
ated into which the layer designations of each voxel can be written. This stack is
filled in a stepwise fashion, through evaluation of four neighbouring points at a time
which shall be referred to as ‘tiles’. Each tile is interpolated first in the X direction,
defining the upper and lower boundaries. Then these tiles are interpolated across
the Y dimension to fill in the area. This is done for each layer to create a map of the
layer thicknesses across the tile area. As the order of the layers is invariant, these
can be then written into the segmentation map.
Once this process is completed for all tiles, the original image stack can be easily
segmented. Each image in the stack (defining a single channel at a single point in the
Z dimension) is segmented into the appropriate number of recipient images pixel-
by-pixel through reading the corresponding layer index value in the segmentation
map. If ‘Delaminate to Disk’ is selected then these slices will be saved to the hard
drive with a nomenclature appropriate for subsequent reconstitution. If not, then
these slices are added to a stack within the program.
An additional mask channel is added to each segmented image that denotes the
volume within the layer, so that non-labelled tissue within the layer can be dis-
tinguished from areas of the stack that are not included in the layer. The choice
to segment these to separate stacks rather than simply add an annotation to one
stack was based on a desire to leverage existing features of ImageJ/FIJI such as
Z Projection and 3D Projection without requiring further scripting or processing.
The trade-off is that the output stacks occupy a lot of hard disk space - the original
stack size, plus an additional channel, multiplied by the number of layers created.
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A limitation of this procedure is that the segmentation map is not a Virtual Image,
and thus cannot exceed the available RAM without creating instability or slowdown.
The size of this stack is minimal, as it is a single channel 8-bit image. The output
represents a bottleneck for inferior computers: with stacks of the size used here, at
least 8GB of RAM should be made available to ImageJ/FIJI.
A.7 Flattening and Blurring
The stacks produced by delamination represent a expansion of data, rather than a
refinement. Each layer has a stack of the same size as the original data, plus a mask
channel. The task remains of summarising this data into easily analysed forms. Our
characteristics of interest within our sample are found across the surface of each layer
and between each layer, rather than within the depth of an individual layer. This
means that flattening each stack into a single plane spanning the anteroposterior and
mediolateral axes of the skull would give us all the necessary information. However,
as the thickness of each layer varies from point to point, simple projections are not
appropriate. More specialised tools that take into account the variability of the
sample are required.
As well as dispensing with the Z dimension, the intensity of fluorescence is likewise
unnecessary. The high density of cells and the use of membrane-bound fluores-
cent proteins within the Confetti construct made segmentation of individual cells
impossible, requiring a volumetric approach to labelling. The key information con-
tained within it is the position and size of cells: a voxel either contains part of a
cell of a certain colour or it does not. A binary identity is sufficient to categorise
this. Finally, while the positions of individual cells is valuable, the identity of the
wider population and polyclonal mixtures is also informative. Therefore a means of
measuring across several cells are necessary, and were developed for this purpose.
A.7.1 Colour encoding procedure
Both individual cell maps, termed ‘Flattened Cell Maps’ and maps of population
identity, termed ‘Blur Maps’ are produced by the same process: indeed the Flattened
Cell Map is necessary for producing the blurred Colour Map.
A worked example of the colour encoding process is shown in Figures A.3 and
A.4.The principle of colour encoding in three dimensions is identical to that de-
305
scribed for two dimensions in section A.5, only with an initial step of ’flattening’ the
third dimension. The first step of encoding is to count for each Z-column of voxels
in the X and Y dimension the number of voxels that are occupied by each colour,
and the number of voxels that are covered by the ‘mask’ channel which defines the
portion of the 3D Image Stack that was considered to be within the layer under
evaluation.
The mask channel in this ‘flattened’ image has a secondary use as a 2D map of the
thickness of the layer, and it is reintroduced later on in this role. The flattened
image itself is saved, as it is a good representation of the fine cell architecture of
the bone, and can be used in the same manner as a Z-projection for examining the
characteristics of individual cells. It is more appropriate for this task than a simple
Z-projection of the delaminated stacks, as it contains no information that has not
been entered into the Blur Maps, and because cell volumes can be easily derived
from it.
A blur operation is required to convert the Flattened Cell Map into a map of pop-
ulation identities. Blur operations take weighted averages of all values around a
central point, thus sampling several cells. The profile of the blur kernel defines the
weight given to close and distant cells. A Gaussian blur was chosen for this purpose,
as it has the greatest acceptance within the field of image analysis, was easily im-
plemented through existing features within ImageJ, and fulfilled the role of giving
reasonable population identities that assumed a stronger association between close
cells than distant ones.
A Gaussian Blur is performed on each channel of the ‘flattened’ image, including the
mask: a new ‘image’ is created (but not displayed) where each pixel is the sum of
the adjacent pixels, multiplied by their corresponding value within the kernel. This
is in effect a weighted average, similar to the method used in A.5. The limits of
the mask channel is not respected in this first step: values are calculated for pixels
outside of the masked ‘within layer’ area in order for the blur to handle concave
objects appropriately. In the second pass, values are only calculated for pixels that
lie within the original masked area, as those outside of these areas are not within
the sample. The final value for each pixel in each of the colour channels is in fact
the Gaussian Blur result for each channel, divided by the Gaussian Blur result for
the mask channel. This weights the average of the Gaussian Blur to respect the
volumetric contributions of each original pixel. The original summed mask channel
replaces the blurred mask channel in the final Colour Map, as it is a true map of
layer thickness.
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The resulting Colour Map appears similar to a blurred Z-Projection of the original
image. In fact, to get the same result through existing ImageJ/FIJI operations,
one would take a Sum Z projection, a 2D Gaussian Blur, divide each channel by
the mask channel, re-apply the original mask and delete any pixel that lies outside
of the mask. Furthermore, a ‘hard’ thresholding process would be required first:
a new image calculated where each voxel either 0 or 1 (or more commonly 255,
the maximum 8-bit value) based on the threshold. The process developed here is
more efficient than performing the operation as a macro and user-friendly in that
thresholding is performed entirely through the ‘Brightness and Contrast’ control
panel, without requiring the creation of any new input images.
A.7.2 Normalisation of Blur Maps
It is necessary and appropriate to normalise these Blur Maps: the maximum inten-
sity value of each channel is found, and all values within that channel divided by
this maximum such that the map exists on an intensity scale from 0.0 to 1.0. The
justification for this is in part described in the next section, which describes how
the populations represented by each pixel in a Colour Map are compared, but there
is also an independent and general justification for this process. Specific channels
such as the GFP channel have far lower densities than others such as the YFP in
most images. This is due to the asymmetric probabilities of specific recombinations
in the Confetti locus, as described in section 1.3. Normalisation amplifies the signal
of less populated channels relative to more populated channels. This is a valuable
correction: the presence of a rare population is far more discriminatory than the
presence of a common one. Normalisation enables the pixel comparison procedure
described in the next section.
A.7.3 Trimming of Samples
The resulting samples had a significant proportion of useless or uninterpretable tissue
around their peripheries, due to the difficulty of correctly identifying within-sample
tissue during delamination. A mask was created and used to trim each sample down
to represent only the bones of interest.
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AB
Figure A.3: Encoding of a 2D Colour Map
A: A 3D Volume projection of a small region of Confetti-labelled cells. The layer
mask is shown in grey. B: A threshold is applied so that only voxels that are
within the cells are considered to be positive.
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D
CFP GFP YFP RFP Mask
Figure A.4: Encoding of a 2D Colour Map (Continued from Figure A.3)
In each image Brightness and Contrast have been set independently. A: The image
represented in Figure A.3B is flattened in Z, counting the number of ‘positive’
voxels in each position in X and Y. B: The resulting image is blurred in one
direction. C: The second direction is blurred, but only for pixels that lie within
the original mask D: Each pixel in each fluorophore channel is divided by the
corresponding pixel in the blurred mask channel to obtain the Colour Map, which
is then normalised. The original summed mask is re-applied as the fifth channel.
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A.8 Watershed analysis reveals single colour patches
The Watershed Analysis plugin for ImageJ by Daniel Sage [Sage, 2011] allows for
the segregation of an image into discrete regions. This is accomplished by finding a
’catchment basin’ around a local maxima. This is done progressively: the maxima
are located and created as new basins. The next level of intensity is then analysed,
and grouped into existing basins if adjacent, or created as new basins if not. The
analogy of ‘watershedding’ is accurate, in that if image intensity were rendered as a
landscape, basins represent the rainfall catchment basin or ’watershed’ of individual
valleys. The inverse operation may be performed, watershedding into local minima.
The Blur Maps described in Chapter 8 can be segregated through this watershed
analysis. It can be assumed that regions of the greatest cell density represent either
points of significant cell division, or a point of invasion. Lateral spread out from
this point will dilute the density of a single colour of cells. As cell density is effec-
tively encoded as colour intensity in a 22.6µm Colour Density map, we can use this
approach to provide an impression of groups of single expanding clones. The more
accurate 8-Connected Watershed Algorithm was used to accomplish this.
Reading of Patch Maps
The patch maps generated by the Watershed Analysis plugin are simply RGB images
comprising of many islands of colour. In order to analyse these further, they must be
interpreted by the software as polygonal regions of interest. Once the correct ’Patch
Map’ is selected by the user from the drop-down list, the ’Scan Basins’ button
will load the patches into memory as polygons. This is accomplished by exploiting
the functionality of the ’magic wand’ selection tool. This tool creates polygonal
selections from contiguous regions of the same colour, and thus provides the outline
of each patch. The polygonal regions of interest are stored as an extended version
of the existing data structure of ImageJ which has additional functionality for the
purposes of this study.
Mapping Patch Density
While cell density within patches is also discussed within this thesis, this should
not be confused with the density of patches within space. This is easily calculated
by moving a circle through the image and counting how many patches overlap with
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it. This was conducted for every channel, and a sum map produced to help with
interpretation of patch density distribution. The circle used had an area of 1.79
mm2.
A.8.1 Quantifying features within watershed patches
Once a patch map has been generated and read into memory as a collection of
regions of interest, these areas can be examined and enumerated against several
other factors. This is quite simply accomplished, as ImageJ contains many tools
for examining both the geometric characteristics of a region of interest, and image
characteristics within in.
Area, thickness and volume
Area quantification is accomplished simply, as this is already a feature of polygonal
regions of interest within ImageJ that can be accessed through the ’measure’ tool
and associated API functions. A further ’Volume’ extension is possible by examining
a region of interest with reference to a thickness map, which is generated as the final
channel of a Colour Density map. As this image represents the number of pixels in
the now flattened Z dimension that were present in the original layer, the volume
of the space represented by a basin can be easily calculated. As this pixel-by-pixel
thickness is encoded in the image as an intensity, this is actually accomplished by
taking the average intensity within a basin and multiplying by the area, as this is
more efficient within the program.
The thickness of Layer 2 is a valuable characteristic, as it can be used as a proxy
for the development of the bone. For this reason, the ability to tabulate the average
thickness within a region of interest was added. This is set up such that the Thick-
ness Map can be separate from the Colour Density Map, allowing for the evaluation
of the thickness of Layer 2 underlying a patch that was drawn out in Layer 1. The
standard deviation and standard error of the mean of thickness are also tabulated,
which allows for characterisation of variation within basins.
Cell density can be estimated
A tool was developed for the estimation of the number of voxels occupied by a single
cell. This relies upon the use of the segmented 3 dimensional image stacks, and the
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same thresholding pseudobinary approach as for Colour Density quantification is
used. The user may select a volume occupied by cells and obtain a readout of the
number of voxels occupied within that region. If a volume that contains a known
number of complete cells is obtained, this total voxel count can be divided by the
user-observed cell number to give an average number of voxels per cell. For this
study, 40 cells were used, as this tended to give a reliable average. This process is
repeated for each cell colour to account for the different cell compartment labelling
and imaging differences, but not for each layer as the thresholding process should
reduce bias between layers.
The Sum-Flattened Maps described in the previous chapter can then be used to
estimate cells per basin. These maps contain the total number of counted voxels as
an intensity, so by obtaining the sum intensity and dividing by the calculated voxels
per cell, an estimate of cell number can be obtained. This can then be divided by
the volume to obtain an estimate of cell density.
A.8.2 Tabulation and Plotting
The software allows for the tabulation of each patch and its associated features. The
resulting table includes the following columns, enumerated in the manners described.
Channel The image channel from which the patch originated.
X/Y Position If new axes are provided, the patch centroid’s position within that
coordinate system. If no new axes are provided, the patch centroid’s position
within the image coordinate system.
Area The area of the patch, in pixels.
Average L2 Thickness The average intensity of the thickness map provided within
the area of this patch, in slices.
StDev L2 Thickness The standard deviation of the above average
SEM L2 Thickness The standard error of the mean of the above average
Volume The volume of this patch in voxels. This is the sum of the pixel intensity
within the patch in the thickness channel of the flattened cell map.
Cells or Pixels If cell volume estimates are provided, this represents an estimate
of the number of cells within the patch. If no estimates are provided, this is
a count of the number of voxels within the patch that contain part of a cell.
312
This is the sum of the pixel intensities within the patch in the corresponding
colour channel of the flattened cell map.
Density The cell number divided by the patch volume.
The resulting tables were plotted within R [R Core Team, 2013] using the ggplot2
package [Wickham, 2009]. Patches with fewer than one cell were regarded as false
positives and discarded. The black trend lines in the dot plots represent a generalised
additive model as described in Wood [2011], with the default formula. The total
number of cells of each colour was calculated by addition of all patches following
filtering.
A.9 Comparing colours in multi-dimensional space
In order to explore differences between and across Blur Maps, it was necessary
to develop a means of comparing two points and the populations they represent.
This is achieved by using euclidian distance in a four dimensional space, where the
abundance of each of the Confetti colours are used as the axes.
Pythagoras’ Theorem can be extended to an arbitrary number of dimensions [Yeng
et al., 1990], giving
n∑
i=1
(a1, a2, a3...aˆi...an) = Cd
2 where n is the number of dimen-
sions, an is the difference between two points in the nth dimension, and Cd is the
‘colour distance’. This allows us to evaluate the relative similarity of populations
with respect to any number of fluorophores. For the four colour Confetti reporter,
the sum for the ‘colour distance’ (Cd) between two populations is quite simple:
Cd =
√
∆CFP 2 + ∆GFP 2 + ∆Y FP 2 + ∆RFP 2
This will return a value of between 0.0 for perfect match and a maximum distance
of
√
n, which in the Confetti case is 2.0. This process is similar to comparing
points within principal component space, which again uses the concepts of relative
distance in a multi-dimensional space. However there is no reorientation along new
axes of highest variation, as the random assortment of cells nullifies any insight that
technique can provide.
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A.9.1 Elaborations upon the Colour Distance principle.
The direct comparison of the densities of cells from their values in the Blur Maps is
termed ‘Value Mode’. An additional modification to this method is termed ‘Ratio
Mode’. In Ratio Mode, the largest value of the four colour proportions for each
population is scaled to 1, and the other proportions are scaled accordingly, main-
taining their relative magnitudes. Then the Colour Distance is calculated as above.
This approach is useful for comparing populations where the relative composition
is the same, but the density is different. This was developed in order to explore the
possibility of different dynamics within the polyclonal architecture.
In practice, it is more useful to invert the scale of colour distance, and to display
the best matching pairs as greater numbers and the least matching pairs as lesser
numbers. This is termed ‘Inverted Mode’ in subsequent descriptions. Furthermore,
in some situations it is beneficial to further encode the intensity of the constituent
colours which contributed to the distance metric: a match based on exact matching
of extremely dense cells is far more informative than a match based upon a mutual
absence of cells. To accomplish this, the sum of intensities of all colours used in the
comparisons is calculated and divided by twice the number of colours. This gives
a value between 0.0 (absence of cells) and 1.0 (maximum density across all colours
in both points of comparison). This can be multiplied by the colour distance in
‘Inverted Mode’ to give a value that is a function not only of the degree of similarity
but also the degree of label density. This is termed ‘Density Encoded Mode’. All of
these elaborations are summarised in table A.2.
For the purposes of analysis, Inverted Density mode is clearly the most significant.
This value represents the difference between two points, taking into account the
confidence of that number relative to the amount of material that has informed it
and excluding voxels that are identical based only on their mutual lack of cells. It
is these maps which are used for all machine-read analysis. However, the Inverted
Non-Density maps are slightly more accessible to a human observer, as while they
share the same features as the density encoded maps, they are much more contrasted
and distinct. These are used for diagrams within this thesis. Observable differences
between the two, and associated caveats, are presented in this chapter.
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Table A.2: Metrics for encoding colour similarity. Note that
Value Mode and Ratio Mode represent different approaches to
calculating the value Cd, which is then used to calculate
Cd
inverted or Cd
density if desired.
Designation Definition
Value Mode Cd =
√
n∑
i=1
(ai − bi)2
Ratio Mode Cd =
√
n∑
i=1
(
ai
max(a)
− bi
max(b)
)2
Inverted Mode Cd
inverted =
√
n− Cd
Density Encoded Mode Cd
density = Cd
inverted ×
n∑
i=1
ai +
n∑
i=1
bi
2n
Cd - ‘Colour Distance’ between two equally sized collections of colours termed a and b.
ai, bi - Value of the colour in channel i, within collections a and b.
n - number of colour channels
max(a),max(b) - the largest colour value in collections A and B respectively.
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A.9.2 Summary and generation of invasion maps
The process described above gives an elegant means to compare colour matching,
from which invasion and growth characteristics can be inferred. Software developed
within ImageJ/FIJI implements this technique. For the maps presented in this
thesis, a sigma of 22.75µm was used. This was chosen arbitrarily from a stepwise
series of blurs as representing the best balance between integration of cells and
maintenance of structural detail. Below this level, individual cells dominate blurs
to a great degree. Above this level, fine detail is obscured. The software allows for
a range of blurs to be created and colour matching maps generated from them.
A.9.3 Comparing Colour Similarity and Bone Thickness
The colour similarity map gives a value for layer matching to each pixel of the
original image. These pixels also have their respective layer thickness values. As
Layer 2 thickness is a sign of bone development, thickness was tabulated against
layer matching. Density hexplots were generated within R for interpretation of this
data [Wickham, 2009; R Core Team, 2013].
A.10 Solutions
A.10.1 Mowiol
• 6g Glycerol (Sigma)
• 2.4g Mowiol 4-99 (Calbiochem)
• 6mL dH2o
• 12mL 0.2M Tris Buffer pH 8.5
• 2.5% w/v DABCO (1,4-diazobicyclo-[2,2,2]-octane, Sigma)
A solution of glycerol, Mowiol and water is mixed for a period longer than 3 hours.
12mL 0.2M Tris Buffer pH8.5 is added and the mixture is stirred overnight on a
warm plate. The solution is incubated for 10 min at 55◦C and centrifuged at 5000g
for 15 minutes. DABCO is added to the supernatant. Aliquots were stored frozen.
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A.10.2 4% Paraformaldehyde
20 g of PFA powder (Sigma, UK) was dissolved in distilled water. 3-4 drops of 10N
Sodium Hydroxide was added before the solution was heated to 65◦C. The PFA
solution was buffered with tablet form PBS (Sigma). pH was confirmed at 7.5 and
aliquots frozen. For usage, aliquots were carefully thawed at room temperature.
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